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ABSTRACT
CATION CHANNELS, CA2+ HOMEOSTASIS, AND FERTILITY
IN THE MOUSE
MAY 2020
GOLI ARDESTANI, B.S. FERDOWSI UNIVERSITY OF MASHHAD, IRAN
M.S., UNIVERSITY OF THE PHILIPPINES-LOS BAÑOS
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Rafael A. Fissore

In mammals, fully grown immature oocytes, also known as germinal vesicle
(GV), are arrested at prophase of meiosis I. Upon increase of the luteinizing hormone
(LH), GV oocytes resume meiosis and reach the metaphase II (MII) stage of the second
meiosis, a process known as oocyte maturation. These mature oocytes, henceforth
referred to as eggs, are ovulated arrested at the MII stage, from which they are released
at the time of fertilization. As in many other cells, Ca2+ homeostasis plays a pivotal
role in oocytes during maturation and following fertilization, and it is therefore
carefully regulated in these cells. Both intracellular Ca2+ release and Ca2+ influx from
the external milieu are needed to support oocyte maturation and initiation of embryo
development. Ca2+ influx fills the internal Ca2+ stores among which is the endoplasmic
reticulum (ER), [Ca2+]ER. During maturation, the stored Ca2+ is needed to promote
protein synthesis that makes possible oocyte maturation as well as embryo
development. Further, the release of this Ca2+ that causes repeated changes in the
intracellular concentration of free calcium ([Ca2+]i) also known as oscillations is
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required for the release of the MII arrest, which leads to egg activation and initiation
of embryo development; Ca2+ influx is required to support these oscillations. Multiple
plasma membrane (PM) channels in oocytes and eggs have been identified, including
voltage dependent ion channels and members of the Transient Receptor Potential
(TRP) family that are thought to mediate Ca2+ influx and the influx of other divalent
cations. However, the extent of activity and regulation of these channel(s) during
maturation and fertilization are unknown. Furthermore, the fertilization induced Ca2+
oscillations in mammals induce a sequence of biochemical and phenotypical changes
in the egg that cause egg activation and zygote development. Some of these changes
include cortical granule exocytosis, cell cycle progression and release of the second
polar body, sperm head decondensation, pronuclear formation and DNA synthesis and
eventually cleavage to the two-cell stage. Many of these events are mediated by a Ca2+
dependent Calmodulin (CaM)-dependent kinase, (CaMKII). CaMKII transduces Ca2+
oscillation parameters such as amplitude and frequency into changes of enzyme
activity, which have been investigated in eggs using in vitro assays. Nevertheless, the
pattern of CaMKII activity throughout the [Ca2+]i oscillations in real time has not been
described in eggs nor what aspects of the Ca2+ rise parameters, amplitude and/or
duration are important for the activation of the enzyme. Hence, understanding the
molecular basis of Ca2+ homeostasis and in this particular case the channels that
mediate divalent cation influx during maturation, fertilization and initiation of embryo
development, as well as the parameters that activate the key enzyme that transduces
[Ca2+]i rises into events of egg activation will provide pivotal insights into the
mechanisms of oocyte maturation, egg activation and embryo development. The
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ultimate goal is to use this knowledge to aid in the treatment of infertility in humans,
enhance reproductive efficiency in animals, and design novel strategies of
contraception to be used in humans and to control animal populations.
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CHAPTER 1
INTRODUCTION
THE IMPORTANCE OF CA2+ SIGNALING AND THE CA2+
TOOLKIT IN MAMMALIAN CELLS
Ca2+ is a versatile ion that carries regulatory information important from the
formation of a cell until its death. To perform this diverse array of functions it makes
use of a large toolkit of signaling components, which creates a diverse array of
signaling units that have the ability to deliver Ca2+ signals with very different spatial
and temporal properties (Berridge et al., 2003). The intracellular free Ca2+
concentration ([Ca2+]i) in resting cells is maintained at almost 100 nM; however,
hormonal, neuronal, or other stimuli increase this concentration to M levels. This
Ca2+ signals come in a form of a single rise or oscillations arising from the external
environment or internal stores. External medium leads to an influx of Ca2+ into the cell
through specific Ca2+ channels present in the plasma membrane (PM), while internal
stores cause the release of sequestered Ca2+ from the endoplasmic reticulum (ER)
and/or other organelles such as the mitochondria and the Golgi, leading to an increase
of the cytosolic [Ca2+] concentration that triggers cellular responses (Lee et al., 2004).
Therefore, cells invest much of their energy to adjust and maintain [Ca2+]i
concentrations using diverse methods such as chelation, compartmentalization, and/or
extrusion of Ca2+ (Clapham, 2007).
In excitable cells, PM voltage-operated channels (VOCs) support the primary
Ca2+ signal, which can be further enhanced by Ca2+ itself by promoting Ca2+ release
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from internal stores via intracellular channels such as ryanodine receptors (RYRs) and
inositol 1,4,5-trisphosphate receptors (IP3Rs) . This primary Ca2+ pathway regulates
processes such as muscle cells contraction, memory formation in neurons, and insulin
secretion from beta cells. In non-excitable cells, however, the IP3R and IP3, as well
as other Ca2+ release-promoting agonists such as cyclic ADP ribose (cADPR),
nicotinic acid adenine dinucleotide phosphate (NAADP) and sphingosine-1-phosphate
(S1P), generates Ca2+ signals to control processes as diverse as fertilization,
metabolism, secretion, proliferation, and smooth muscle contraction (Berridge, 2008,
2009; Mikoshiba, 2007).
External stimuli such as neurotransmitters, hormones, and growth factors,
stimulate the generation of IP3 by activating the G protein-coupled receptors (GPCRs),
which are coupled to different phospholipase C (PLC) isoforms and manage to
stimulate their activity. The activated PLCs hydrolyze phosphatidylinositol 4,5bisphosphate (PIP2) to produce both diacylglycerol (DAG) and IP3 (Berridge, 1993).
The IP3 functions by binding to its cognate receptors, which is embedded in the ER,
causing conformational changes that gate the pore region causing release of Ca2+ from
the ER increasing [Ca2+]i. Ca2+ release can occur repeatedly depending on the stimulus,
and the interval of these [Ca2+]i rises will depend upon the strength of the stimulus and
of the refilling of the stores that is mediated by Ca2+ influx across the plasma
membrane (Berridge, 2009). The duration of the [Ca2+]i increase is also regulated by
the activity of the Plasma-Membrane Ca2+-ATPase (PMCA) and Na+-Ca2+ exchangers
(NCX)

that

remove/exchange

Ca2+

to

the

outside

medium,

while

the

Sarcoendoplasmic Reticulum Ca2+-ATPase (SERCA) lowers [Ca2+]i by sequestering
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Ca2+ into the ER (Fig. 1.1). Furthermore, SERCA pumps help to maintain stable basal
[Ca2+]i levels and the Ca2+ store content by continuous uptake of Ca2+ into the ER and
therefore countering the continuous Ca2+ leak from ER into the cytosol that occurs in
resting cells. The mitochondria also can be a temporary source of Ca2+ (Hajnoczky et
al., 1995), and their close proximity to the ER and IP3R allows for efficient uptake of
Ca2+ into the mitochondria, which can contribute to shape spatiotemporal patterns of
Ca2+ responses (Rizzuto et al., 1998). The Golgi apparatus is another organelle that is
an IP3-sensitive intracellular Ca2+ store with smaller inherent Ca2+ leak than the ER
(Missiaen et al., 2001). Ca2+ uptake into the Golgi is mediated by SERCA pumps as
well as by pumps belonging to the secretory-pathway Ca2+-ATPase (SPCA)-family of
Ca2+-transport ATPases (Van Baelen et al., 2003).

1.1. Members of the Ca2+ toolkit and organelles that contribute to
homeostasis in mammalian cells.
Details are discussed in the text. Abbreviations used are: endoplasmic
(sarcoplasmic) reticulum (ER/SR), ryanodine receptor (RyR), inositol 1, 4,5triphosphate receptor (IP3R), sarca-(endo) plasmic reticulum Ca2+-ATPase
(SERCA), Na+/Ca2+ exchanger (NCX), store-operated Ca2+ entry (SOCE) that
includes STIM/ORAI, voltage-operated Ca2+ channels (VOC), transient receptor
potential ion channels (TRP), receptor-operated Ca2+ channels (ROC), plasma
membrane Ca2+-ATPase (PMCA).
3

Ca2+ entry across the plasma membrane is necessary to support the persistence
of the Ca2+ responses and is facilitated by the presence of a large electrochemical
gradient. There are many Ca2+ entry channels that support this influx such as VOCs,
Receptor-Operated Channels (ROC), Store-Operated Channels (SOC), and
thermosensor or mechanosensory channels that belong to Transient Receptor Potential
(TRP) ion-channel family (Berridge et al., 2003; Clapham et al., 2001) (Figure 1.1).
Nevertheless, the precise mechanisms that regulate the functions of these channels is
known in only a few of these proteins. VOC respond to membrane depolarization and
they are classified according to the voltage required for their activation: high-voltage
activated (HVA) require large voltage changes whereas low-voltage activated (LVA)
but lesser stimuli. ROCs respond to the binding of an extracellular ligand, whereas
ORAI channels are part of the store operated Ca2+ entry (SOCE) mechanism that is
activated by depletion of [Ca2+]ER and besides ORAI channels requires the action of
the ER Ca2+ sensor STIM1 (Lewis, 2007). The TRP family of channels are grouped
into six subfamilies based on amino acid sequence homology and there are more than
thirty members in mammals. Their mechanisms of activation are varied and can be
potentiated by PLC activation through GPCR or tyrosine-kinase receptors (TKR), but
as well inhibited by PIP2 hydrolysis; in most cases, the stimuli that regulate these
channels are unknown (Clapham, 2007; Clapham et al., 2005).
As noted, in response to diverse stimuli mammalian cells may display single
[Ca2+]i rise or oscillations. These rises and their parameters convey information that
can be encoded by the amplitude, duration, distribution and/or number of the rises
(Berridge, 1993; Clapham, 1995). In order to deliver this information, Ca2+ relies on
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binding target to proteins that have developed highly specialized Ca2+ binding sites or
on proteins that have ability to bind molecules with such sites. Pivotal among those
molecules are Ca2+-dependent protein kinases, among which is the family of
Ca2+/calmodulin (CaM)-dependent protein kinases (CaMKs) including CaMKII.
CaMKII is a serine-threonine kinase that includes 28 isoforms encoded by four genes
(α, β, γ and δ); α- and β-subunits being the predominant isoforms in brain, while subunit is the predominant isoform in myocardium (Anderson et al., 2011; Lisman et
al., 2002). CaMKII isoforms mediate a variety of Ca2+ regulated/mediated
physiological activities such as excitation–contraction coupling, excitation–
transcription coupling and ‘fight or flight’ heart rate increases (Anderson et al., 2011).

OOCYTE MATURATION AND CA2+ SIGNALING IN OOCYTES
AND EGGS
In mammals, oogenesis begins in the fetal ovary involving the proliferation of
primordial germ cells with eventual progression into meiosis and arrest in prophase of
the first meiosis. The assembly of these cells, now referred to as oocytes, with ovarian
epithelial cells form the primordial and primary follicles that constitute the follicular
reserve. Around puberty, these follicles start to grow progressing to the secondary
stage, then antral and lastly the graafian stage, which is the ovulatory stage; while
follicular growth occur, oocytes remain arrested in the prophase stage of the first
meiosis. It is worth noting that neonatal germinal vesicle (GV) grow from ~10 M to
60-70 M in diameter and this growth precedes the majority of the follicular growth
(Murnane and DeFelice, 1993). Robust gene activation, selective protein synthesis,
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and hyperplasia of organelles support this oocyte growth. The striking feature of
mammalian oocytes is the presence of a large nucleus also known as GV, which can
be located in a central or eccentric location (Fig. 1.2a). The GV contains prominent
nucleoli that can vary in number, and display chromatin organization that transitions
from diffuse euchromatin to compacted; the transitions between the two types of
chromatin represents different levels of transcriptional capacity, which is associated
with maturation and developmental capacity. The nuclear envelope of the GV is rich
in nuclear pores, which support the robust level of RNA trafficking that occurs during
the oocytes growth (Albertini, 2014). Throughout oogenesis, oocytes maintain a
temporal relationship within the ovarian follicle and remain arrested by the follicular
environment until the release of luteinizing hormone (LH) induces resumption of
meiosis and ovulation (Carroll et al., 1994). However, in an in vitro system, GV
oocytes from antral and Graafian follicles spontaneously resume meiosis and reach the
metaphase II (MII) stage.

1.2. Different stages of mouse oocytes maturation.
Different stages of mouse oocytes maturation. (a) Germinal Vesicle (GV)
oocyte. (b) Germinal Vesicle Breakdown (GVBD) following 4h of
maturation. (c) Metaphase II (MII) eggs, fertilization stage, after 12-14h
of maturation.
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Oocyte maturation is characterized by the resumption of meiosis (Schultz and
Kopf, 1995), which involves both nuclear and cytoplasmic maturation. Nuclear
maturation begins with the breakdown of the GV nuclear envelope (germinal vesicle
breakdown, GVBD) (Fig. 1.2b), formation and migration of the metaphase I spindle
to the oocyte cortex, extrusion of the first polar body (PB) (Fig. 1.2c), and
establishment of a MII spindle; at this stage, the oocyte becomes a fertilization
competent egg (Mehlmann et al., 1995; Tosti, 2006). In rodents and rabbits, GVBD
takes place within 2-3h post LH release or release from the follicular environment, and
by 12-14 h the maturing oocytes reaches the MII stage where they re-arrest until
fertilization. These nuclear maturation changes are accompanied by cytoplasmic
maturation involving functional changes that regulate cell-cycle progression, cortical
and nuclear reorganization and ultimately the acquisition of developmental
competence (Albertini, 1992; Masui, 1996).
During maturation, there is also a change in the calcium signaling machinery
(De Felici and Siracusa, 1982; Machaca, 2004), and in general during maturation there
is a switch from a reliance on an external to internal sources as intracellular Ca2+ stores
mature (Tombes et al., 1992), while Ca2+ influx capacity decline significantly (Cheon
et al., 2013). The ER that is the main Ca2+ reservoir of mammalian cells and oocytes
are not an exception. In the oocyte, the ER becomes reorganized during maturation
from a distinctive and homogenous network to a clustered organization that lies
predominantly in the vegetal cortex of the mature unfertilized egg (Berridge, 2002;
Mehlmann et al., 1995). These changes in ER organization during maturation are also
accompanied by redistribution of the IP3R (Mehlmann et al., 1996), which together
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with other modifications lead to an enhancement of the receptor’s sensitivity to IP3,
increasing Ca2+ release at the time of fertilization leading to the initiation of Ca2+
oscillations following fertilization (Mehlmann and Kline, 1994). The upregulation of
the Ca2+-releasing machinery in the unfertilized egg reflects the distinctive Ca2+mobilizing demands of fertilization.
Upon fertilization, sperm entry triggers Ca2+ release, which initially propagates
in the form of waves. These [Ca2+]i oscillations continue at regular intervals and last
for several hours (Cuthbertson and Cobbold, 1985). This stereotypical Ca2+ response
of fertilization is induced by the activity of the sperm specific phospholipase C 
(PLC) (Saunders et al., 2002) (Fig. 1.3). Upon release into the ooplasm,
PLC promotes hydrolysis of PIP2 and the generation of IP3 with the consequent
initiation of oscillations (reviewed in (Malcuit et al., 2006)). The need for [Ca2+]i
oscillations arises from the need to promote exit from the robust MII arrest
characteristic of mammalian eggs and promote the myriad events, which are necessary
for the initiation of normal development and complete egg activation (Ducibella et al.,
2002; Jones, 1998; Schultz and Kopf, 1995; Stricker, 1999).
1.3. PLC induces events of
egg activation in mouse.
Release of sperm factor (PLC)
lead to production of IP3, which
causes a release of Ca2+ from
intracellular
stores.
Ca2+
oscillations
following
fertilization activate CaMKII
that lead to the events of egg
activation.
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PROTEIN KINASES AT FERTILIZATION
[Ca2+]i rises are responsible for inducing all the events of egg activation
including facilitating the degradation of cyclin B, which makes possible the release
from the MII arrest and the resumption of meiosis (Nixon et al., 2002). Further,
additional studies showed that different number of Ca2+ rises are needed to initiate
than to complete certain events of egg activation. For example, fewer rises are needed
to complete the release of cortical granules than to induce PN formation or promote
translation of maternal mRNAs (Ducibella et al., 2002). Two protein kinases, protein
kinase C (PKC) (Halet et al., 2004) and CaMKII (Markoulaki et al., 2004; Tatone et
al., 2002; Tatone et al., 1999; Winston and Maro, 1995), are thought to mediate the
majority of the Ca2+ effects observed during egg activation.
In regards to PKC, ten mammalian PKC isotypes have been identified, and based
on their structure and cofactor requirements for activation, the isoforms can be divided
into three major groups: conventional PKCs that are activated by negatively charged
phospholipids and DAG in a Ca2+ dependent manner; novel PKCs that do not require
Ca2+ for activation while are regulated by anionic lipids and DAG, and atypical PKCs
that require neither Ca2+ nor DAG for activation, but do require negatively charged
phospholipids (Newton, 2001, 2003); mammalian oocytes appear to most abundantly
express the non-conventional PKC isoform. While PKCs may play a role in
regulating Ca2+ influx following fertilization (Halet et al., 2004), it is unlikely to be
the key mediators of egg activation events, as expression of a constitutively active
form failed to induce egg activation (Madgwick et al., 2005).
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As previously noted, CaMKII have been shown to transduce fertilization
induced Ca2+ oscillations because fertilization in the presence of specific CaMKII
antagonists blocked egg activation and initiation of development (Tatone et al., 2002;
Tatone et al., 1999). Further, expression of a constitutively active form of CaMKII
was able to induce all events of egg activation (Madgwick et al., 2005), supporting the
pivotal role on egg activation. Additionally, definitive demonstration of the
importance of CaMKII for mammalian egg activation was shown in mice where
following targeted deletion of CaMKII, which is the predominant isoform in mouse
eggs, resulted in female infertility due to failure of egg activation (Backs et al., 2010).
What we presently do not know in real time is whether all rises during fertilization
trigger activation of CaMKII, and why mammalian eggs almost exclusively express
CaMKII In other words, what advantages expression of CaMKII afford to eggs such
that mammalian eggs almost entirely rely on this single isoform?
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AIMS
Aim 1. Determine the contribution of cation channel(s) that mediate Ca2+ and
divalent cation influx in GV oocytes.
The working hypothesis is that multiple plasma membrane channels mediate Ca2+
influx prior to and during oocyte maturation, which increases the content of internal
Ca2+ stores. In addition, we hypothesize
that these channels mediate influx of other
divalent cations necessary for embryo
development. To test these hypotheses, we
used Ca2+ imaging methods, multiple
divalent cations, genetic models and
pharmacological reagents.
Aim 2. Identify the ion channel(s) required for [Ca2+]i influx following
fertilization.
The working hypothesis is that fertilization stimulates Ca2+ influx via multiple
divalent-cation permeable channels that make possible the persistence of oscillations,
egg activation and embryo
development. We used Ca2+
imaging, a newly developed
genetic

model,

and

electrophysiology to elucidate
the channel(s) responsible for
Ca2+

influx

following
11

fertilization, the impact of their simultaneous ablation in fertility, Ca2+ oscillations,
egg activation and embryo development.
Aim 3. Develop a tool to detect endogenous CaMKII activity.
Ca2+/calmodulin-dependent kinase II (CaMKII) is associated with events of egg
activation
oscillations

by

transducing
into

Ca2+

biochemical

information. We used newly developed
biosensors to detect CaMKII activity
using Ca2+ imaging in live MII eggs
following fertilization and Sr2+ induced
oscillations.
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CHAPTER 2
DIVALENT CATION INFLUX AND CALCIUM HOMEOSTASIS
IN GERMINAL VESICLE MOUSE OOCYTES
ABSTRACT
Prior to maturation, mouse oocytes are arrested at the germinal vesicle (GV)
stage during which they experience constitutive calcium (Ca2+) influx and spontaneous
Ca2+ oscillations. The oscillations cease during maturation but Ca2+ influx continues,
as the oocytes’ internal stores attain maximal content at the culmination of maturation,
the metaphase II stage. The identity of the channel(s) that underlie this Ca2+ influx has
not been completely determined. GV and matured oocytes are known to express three
Ca2+ channels, CaV3.2, TRPV3 and TRPM7, but females null for each of these
channels are fertile and their oocytes display minor modifications in Ca2+ homeostasis,
suggesting a complex regulation of Ca2+ influx. To define the contribution of these
channels at the GV stage, we used different divalent cations, pharmacological
inhibitors and genetic models. We found that the three channels are active at this stage.
CaV3.2 and TRPM7 channels contributed the majority of Ca2+ influx, as inhibitors and
oocytes from homologous knockout (KO) lines showed severely reduced Ca2+ entry.
Sr2+ influx was promoted by CaV3.2 channels, as Sr2+ oscillations were negligible in
CaV3.2-KO oocytes but robust in control and Trpv3-KO oocytes. Mn2+ entry relied on
expression of CaV3.2 and TRPM7 channels, but Ni2+ entry depended on the latter.
CaV3.2 and TRPV3 combined to fill the Ca2+ stores, although CaV3.2 was the most
impactful. Studies with pharmacological inhibitors effectively blocked the influx of
divalent cations, but displayed off-target effects, and occasionally agonist-like
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properties. In conclusion, GV oocytes express channels mediating Ca2+ and other
divalent cation influx that are pivotal for fertilization and early development. These
channels may serve as targets for intervention to improve the success of assisted
reproductive technologies.
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INTRODUCTION
A wide range of cellular processes such as gene expression, muscle
contraction, secretion, cell division, fertilization and apoptosis are regulated by
changes in the intracellular concentration of free calcium ([Ca2+]i) (Berridge et al.,
2000). To accomplish this, cells devote significant amounts of their energy reserves to
create and maintain Ca2+ gradients between the extracellular and intracellular
environments as well as between cellular compartments such that brief changes in
[Ca2+]i can have profound signaling effects (Wakai et al., 2011).
Transient rises in [Ca2+]i as well as Ca2+ influx from the extracellular
environment ([Ca2+]o) play important roles in unfertilized and fertilized oocytes in all
animal species from marine invertebrates to mammals (Cuthbertson et al., 1981;
Ridgway et al., 1977; Steinhardt et al., 1977). In mammals, [Ca2+]i rises in MII
oocytes, henceforth called eggs, induce exit from the meiotic arrest triggering egg
activation and initiation of embryo development (Stricker, 1999). Prior to this stage,
changes in Ca2+ homeostasis also occur during maturation, including spontaneous
oscillations at the GV stage, and accumulation of Ca2+ in the endoplasmic reticulum
(ER), the main internal Ca2+ store ([Ca2+]ER) (Carroll and Swann, 1992). The function
of these Ca2+ changes prior to fertilization is not well established, although Ca2+
content in the ER is necessary to support the protein synthesis required for meiosis
progression, and for the initial [Ca2+]i rises post fertilization (Jones et al., 1995;
Tombes et al., 1992). Remarkably, even though extracellular Ca2+ underlies both the
spontaneous oscillations and the filling of [Ca2+]ER stores (Cheon et al., 2013; Kline
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and Kline, 1992; Wakai et al., 2013), the plasma membrane (PM) channel(s) that
underpin Ca2+ influx at GV stage have remained uncharacterized.
Cells have at their disposal multiple PM channel(s) and transporters to
maintain Ca2+ homeostasis (Clapham, 2007; Wakai et al., 2013). Oocytes and eggs are
not an exception, and divalent cation permeable PM channel(s) were detected early on
in these cells using electrophysiology (Hagiwara and Miyazaki, 1977; Murnane and
DeFelice, 1993). It was noted that voltage-dependent Ca2+ currents were present in
GV oocytes and in MII eggs (Peres, 1986; Yoshida, 1983), and that the presence of
this current was associated with acquisition of meiotic competence (Murnane and
DeFelice, 1993).

Predictably, CaV3.2 (member of the T-type Cav sub-group

(Catterall)), which are voltage gated Ca2+ channels, were the first whose functional
expression was demonstrated in eggs and zygotes (Day et al., 1998; Kang et al., 2007).
Although readily detectable, genetic studies found that mice lacking CaV3.2 are fertile
and their oocytes and eggs display only slightly reduced [Ca2+]ER content (Bernhardt
et al., 2015). Importantly, how CaV3.2 channels affected spontaneous oscillations or
divalent cation plasma membrane fluxes in GV oocytes and during maturation was not
examined.
Given that CaV3.2-KO mice are fertile, other Ca2+ influx mechanism(s) must
be functional in mammalian oocytes and eggs. A proposed mechanism of Ca2+ influx
was the Store Operated Ca2+ Entry (SOCE), which is composed of STIM1, that acts
as the sensor of ER Ca2+ levels, and ORAI1, which is the PM channel (GomezFernandez et al., 2012; Machaty et al., 2017). Although STIM1 and ORAI1 appear to
be expressed at the molecular level in mouse oocytes (Cheon et al., 2013), the
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functional expression of ORAI1 via electrophysiology has not been confirmed, and
single or combined genetic deletion of Stim1/2 and Orai1 failed to affect Ca2+ influx
in mouse oocytes and/or eggs (Bernhardt et al., 2017). The transient receptor potential
(TRP) family of channels could also mediate Ca2+ influx in mouse oocytes and eggs.
TRP channels are grouped into six subfamilies: TRPC, TRPM, TRPV, TRPA,
TRPML, and TRPP (or PKD) (Desai and Clapham, 2005; Wu et al., 2010). These
channels are, in general, nonselective, weakly voltage-dependent, and display
widespread expression. We have previously reported functional expression of TRPV3
and TRPM7 in mouse oocytes and eggs (Carvacho et al., 2016; Carvacho et al., 2013),
and showed that they are under distinct regulation during oocyte maturation. For
example, TRPV3 expression was undetectable by electrophysiology at the GV stage,
but its activity increased gradually during maturation and peaked at the MII stage
(Carvacho et al., 2013). It was not examined however if TRPV3 impacts [Ca2+]ER
content in GV oocytes, and whether it mediates entry of other divalent cations at this
stage. Importantly, just like CaV3.2 null mice, Trpv3-KO mice are fertile (Carvacho et
al., 2013). Unlike TRPV3, the functional expression of TRPM7 is more prominent in
GV oocytes than in MII eggs, and its functional expression experiences a rebound after
fertilization in 2-cell embryos (Carvacho et al., 2016). Whole-animal deletion of
Trpm7 is embryonic lethal, which has prevented the study of its function in gametes
of Trpm7-null mice. However, a recently generated conditional allele showed that
TRPM7 mediates Ca2+ influx in GV oocytes and in eggs post-fertilization, although
conditional KO (cKO) females displayed normal fertility (Bernhardt et al., 2018).
TRPM7 displays permeability to a range of trace metal ions (Monteilh-Zoller et al.,
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2003) including Mg2+ and Zn2+. It has been shown that Zn2+ plays a critical role in
oocyte maturation and fertilization (Kong et al., 2012). Therefore, it cannot be ruled
out that besides permeating Ca2+, this channel plays a primary role in permeating other
divalent cations in mouse oocytes and eggs (Carvacho et al., 2016).
In this study, we used a combination of techniques including fluorescence
imaging, genetic models and pharmacological agents to identify the contribution of
the three known channels to divalent cation influx in mouse GV oocytes. We aimed to
determine their preference for specific divalent cations measured by fluorescence,
establish their contributions to [Ca2+]ER content, and test the specificity of commonly
used pharmacological inhibitors. We found that all three channels CaV3.2, TRPV3,
and TRPM7 are active at this stage, although CaV3.2 and TRPM7 are largely
responsible for Ca2+ influx. These channels supply the [Ca2+]ER of GV oocytes, albeit
CaV3.2 seems the most important. Lastly, multiple divalent cations pass through these
channels, but not to the same extent, as determined by the inability of certain divalent
cations to induce intracellular responses in oocytes from KO models and/or in the
presence of inhibitors, some of which displayed off-target effects and/or agonist-like
properties.
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MATERIALS AND METHODS
Mouse strains and collection of mouse oocytes
CaV3.2-KO mice were purchased from Jackson Laboratory (JAX stock
#013770; Bar Harbor, ME) (Chen et al., 2003). Trpv3-KO mice with mixed
background of C57BL/6 and 129/SvEvTac, were the generous gift from Dr. Cheng
(University of Michigan, Ann Arbor, MI) (Cheng et al., 2010). To generate Trpv3CaV3.2-KO (double knockout) colony, single KO mice were mated together. Double
heterozygotes males and females mated to achieve double knockout animals. CD1
females and WT C57BL/6 females were used as controls.
GV oocytes were collected from ovaries of 6- to 10-week-old female mice 44–
46 h after injection of 5 IU of pregnant mare serum gonadotropin (PMSG; Sigma;
Saint Louis, MO). Immediately after euthanasia, MII eggs were collected from the
oviducts (CD1 females) 12–14 h after administration of 5 IU of human chorionic
gonadotropin (hCG), which was administered 46–48 h after PMSG. Cumulus cells
were removed with 0.1% bovine testes hyaluronidase (Sigma). HEPES–buffered
Tyrode’s lactate solution (TL-HEPES) containing 5% heat-treated fetal calf serum
(FCS; Gibco/ThermoFisher; Waltham, MA) and 100 M IBMX was used to collect
cumulus intact GV oocytes. Cumulus cells were removed by repetitive pipetting and
denuded oocytes were kept in Chatot, Ziomek, and Bavister (CZB) media
supplemented with 3 mg/ml bovine serum albumin (BSA) and IBMX and were
incubated under mineral oil at 37°C in a humidified atmosphere of 5% CO2. All animal
procedures were performed according to research animal protocols approved by the
University of Massachusetts Institutional Animal Care and Use Committee.
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PCR Genotyping
PCR genotyping were performed using ear punch samples to confirm Trpv3KO line, using primers as previously described (Cheng et al., 2010). Jackson
Laboratory protocol was followed to confirm CaV3.2-KO line (Chen et al., 2003). Both
sets of primers were used to confirm Trpv3-CaV3.2-KO line.
Total RNA extraction and Real Time PCR
High Pure RNA Isolation Kit (11828665001; Roche Life Sciences) was used
to extract total RNA from GV oocytes (#50) and MII eggs (#50) of CD1 females.
iScript cDNA Synthesis kit (1708890; Bio Rad) was used for cDNA synthesis.
Taqman qPCR was performed using gene expression assays to detect the three ion
channels in both GV oocytes and MII eggs using following primers: TRPV3
(Mm00455003_m1), TRPM7 (Mm00457998_m1), CaV3.2 (Mm00445382_m1)
(ThermoFisher SCIENTIFIC).
Imaging procedures and monitoring of divalent cation influx
Ca2+ imaging was performed as previously described by our laboratory (Lee et
al., 2016), using a Ca2+ sensitive dye Fura-2-acetoxymethyl ester (Fura 2-AM,
Invitrogen/ThermoFisher). Oocytes were loaded with 1.25 M Fura-2AM
supplemented with 0.02% Pluronic acid (Invitrogen) for 20 min at room temperature.
Oocytes were placed in micro-drops of TL-HEPES on glass bottom dish (Mat-Tek
Corp., Ashland, MA) under mineral oil. Oocytes were monitored simultaneously using
an inverted microscope (Nikon, Melville, NY) outfitted for fluorescence
measurements. Fura 2-AM was excited between 340 and 380 nm wavelengths using a
75 W Xenon arc lamp and a filter wheel (Ludl Electronic Products Ltd., Hawthorne,
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NY), and fluorescence was captured every 20s. The emitted light above 510 nm was
collected by a cooled Photometrics SenSys CCD camera (Roper Scientific, Tucson,
AZ). Nikon Element software was used to coordinate the filter wheel and data
acquisition. The acquired data were saved and analyzed using Microsoft Excel and
GraphPad Prism Version 5.0 (GraphPad Software, La Jolla, CA). Ca2+ influx and
spontaneous Ca2+ oscillations were measured using TL-HEPES media containing the
standard concentration of 2 mM CaCl2. We also induced Ca2+ influx and oscillations
by adding extra Ca2+ to a final concentration of 5 mM, 10 min after the initiation of
Ca2+ monitoring. Assessment of Sr2+ influx and oscillations were carried out in Ca2+
free TL-HEPES supplemented with 10 mM Sr2+ throughout the monitoring period.
Mn2+ influx studies were performed in TL-HEPES media containing 2 mM CaCl2,
which 100 M Mn2+ were added 5 min after the initiation of monitoring. Mn2+ influx
was estimated by the quenching of Fura-2’s fluorescence intensity at the 360 nm
wavelength, which is the isosbestic point. To detect Ni2+ influx, oocytes were loaded
with 0.5 M Mag-Fura-2AM (Invitrogen) supplemented with 0.02% Pluronic acid for
10 min at room temperature. Monitoring of Ni2+ influx, which caused a decrease in the
intensity of Mag-Fura-2 at both wavelengths was performed in nominal Divalent Free
Media (DFM, nominal Ca2+ and Mg2+ free TL-HEPES). Mag-Fura-2 was excited as
for Fura-2 and fluorescence captured every 20s. Ca2+ influx studies following
emptying of the stores by thapsigargin (TG) were performed in nominal Ca2+ free TLHEPES. Ca2+ was added to a final concentration of 5 mM at the indicated time point
several minutes after the initial Ca2+ rise caused by TG, had reached baseline values.
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Measurement of Ca2+ Store content
GV oocytes were kept in CZB media supplemented with IBMX and 0.01%
polyvinyl alcohol (PVA; Sigma) at 37°C in a humidified atmosphere of 5% CO2 for 1
h in the presence of specific inhibitors. The specific inhibitors were kept during
loading of Fura-2AM and Ca2+ monitoring. Emptying of the stores was performed in
nominal Ca2+ free TL-HEPES following the addition of Ionomycin (IO) (2.5 M) or
thapsigargin (10 M) at the indicated time points. Amplitude and area under the curve
(AUC) of Ca2+ rise was assessed.
Pharmacological agents
NS8593 (N2538), NiCl2.6H2O (N6136) and MgCl2.6H2O (M2393) were
purchased from Sigma Aldrich. Mibefradil (2198) was from Tocris. 2-APB (100065),
Thapsigargin (586005) and Ionomycin (407592) were from Calbiochem. Waixenicin
A was provided as a generous gift from Dr. F. David Horgen (Hawaii Pacific
University; Kaneohe, HI). Stock solutions were made following manufacturers’
recommendations and kept in -80 ˚C.
Slope calculations
The slope of the decline of the fluorescence intensity caused by the addition of
Mn2+ and Ni2+ was used to estimate the influx of these ions. The rate of quenching
(ΔF360 and ΔF380) was measured by analyzing the slope of the fluorescence decline
for 4 min between X1: the first value after addition of the divalent cation where
noticeable quenching was observed, and X2: the value after 4 min had elapsed from
X1. ΔF360 and ΔF380 was normalized relative to the fluorescence level at inflection
point. This method was chosen as it permitted to compare the effects of all the
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inhibitors on the rate of influx of Mn2+ and Ni2+ influx with a single slope.
Corresponding values for each oocyte were collected, averaged and statistically
compared.
Statistical analysis
Values from at least three different experiments were used for evaluation of
statistical significance for each of the comparisons performed. The Prism software
(GraphPad Software) was used to perform the statistical comparisons using Student’s
t-test or one-way ANOVA or Chi Square test, according to the experiment analyzed.
All bar graphs are presented as mean ± SEM. Significant differences were considered
at P values < 0.05.
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RESULTS
Assessing divalent cation influx in GV oocytes
Mouse GV oocytes display spontaneous oscillations in the presence of [Ca2+]o
(7) or [Sr2+]o (Carroll and Swann, 1992; Zhang et al., 2005), which suggests the
expression of non-selective cation channel(s) in these cells. This is in agreement with
reports describing functional expression in oocytes and/or eggs of CaV3.2 and TRPM7
channels, which are all capable of permeating a variety of divalent cations (Bernhardt
et al., 2017; Bernhardt et al., 2018; Bernhardt et al., 2015; Carvacho et al., 2013).
However, whether the level of expression of Cav3.2 channels changes during
maturation, and which or if all these channel(s) are responsible for the influx of
divalent cations in GV oocytes is unknown. To gain insight into these questions, we
first tested the expression of the channels between GV and MII stages. We used
quantitative

reverse

transcriptase

PCR

rather

than

Western

blotting

or

immunofluorescence, as commercially available antibodies against these proteins can
be nonspecific. Our qPCR results show that the level of expression of these channels
does not change between these stages (Supp. Fig. 2.1), although we cannot rule out
that protein levels and/or their functional expression at the PM might change between
the GV and MII stages, as reported for TRPV3 (Carvacho et al., 2013). Given the
higher sensitivity of Ca2+ imaging to detect functional expression of channels vs.
western blotting, and the need to ascertain the active channels in GV oocytes, we used
this approach to probe the active channels in oocytes. We monitored the influx of
various divalent cations besides Ca2+ and Sr2+ such as Mn2+ and Ni2+. Mn2+ has been
widely used to test divalent influx in cells and eggs (Cheek et al., 1993; Merritt et al.,
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1989), whereas Ni2+, which effectively inhibits voltage-gated Ca2+ channels especially
CaV3.2 (Lee et al., 1999), efficiently permeates through TRPM7 (Monteilh-Zoller et
al., 2003). We used fluorometric dyes to monitor the influx of these cations (Tashiro
et al., 2014). Our results show that all the aforementioned divalent cations persistently
enter the ooplasm. The influx of Ca2+ and Sr2+ induced oscillations, although of
different frequencies (Fig. 2.1A, B), while Mn2+ and Ni2+ caused sustained
fluorescence quenching (Fig. 2.1C, D). In addition, whereas Ca2+, Sr2+, and Mn2+
gained rapid access into the ooplasm, Ni2+ required several min (Fig. 2.1D). These
results show that the PM of GV oocytes is permeable to multiple divalent cations and
suggest that the level(s) of expression and function of the underlying channels is
closely regulated.
Several channels contribute to spontaneous and induced Ca2+ influx in GV
oocytes
We next examined which of the aforementioned PM channels underlies the
spontaneous [Ca2+]i oscillations in GV oocytes. For this we first used oocytes from
mice null for specific channels. We tested [Ca2+]i oscillations in oocytes from CaV3.2,
Trpv3 and Trpv3-CaV3.2 null mice (see Materials and Methods). We found that Trpv3KO oocytes showed spontaneous oscillations similar to those of WT and CD1 oocytes,
whereas fewer oocytes from CaV3.2 and Trpv3-CaV3.2-KO mice exhibited
oscillations, which also were of much shorter duration (Fig. 2.2A). These results
suggest that expression of CaV3.2 channels is necessary to support the spontaneous
Ca2+ oscillations in GV oocytes (Fig. 2.2D; P<0.5).
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Ca2+ influx can be abruptly induced in GV oocytes, and we therefore examined
if this type of influx was mediated by the same channel(s). To accomplish this we used
two well established methods (Bird et al., 2008): first, we raised [Ca2+]o from 2 mM
to 5 mM, and second, after emptying the stores with TG, we raised [Ca2+]o from 0 mM
to 5 mM. Baseline [Ca2+]i levels were monitored prior to increasing [Ca2+]o, and
monitoring continued after the addition of Ca2+. We found that raising [Ca2+]o
stimulated Ca2+ influx in oocytes of all strains (Fig. 2.2B, E), although with slightly
greater initial rise (amplitude) and persistence in WT, Trpv3, and Trpv3-CaV3.2-KO
oocytes than in oocytes of CaV3.2-KO mice. Significant differences were detected
when applying the TG protocol (Fig. 2.2C); we observed a time delay to the first
[Ca2+]i rise in both CaV3.2- and Trpv3-CaV3.2-KO oocytes (Fig. 2.2F; P <0.05), and in
CaV3.2-KO oocytes [Ca2+]i levels quickly returned to the original baseline values,
which was not the case for oocytes of the other strains that continued to oscillate above
the baseline. These results suggest that CaV3.2 channels play an important role in the
influx of Ca2+ in GV oocytes, although other channels, especially following abrupt
increases, are also involved in Ca2+ entry in these cells. How CaV3.2 channels
participate in this influx is unknown, but it is possible that they mediate an initial influx
of Ca2+ that causes changes in membrane potential and/or activate nearby channels
triggering the opening of these Ca2+ channels that are ultimately responsible for the
large influx, but these possibilities remain to be established.
To identify the channel(s) capable of mediating the remaining influx associated
with abrupt Ca2+ increases, we made use of pharmacological inhibitors. We first
examined the effects of common CaV3.2 channel inhibitors such as Mibefradil (1M)
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and Ni2+ (100M) (McCloskey et al., 2009). These inhibitors failed to prevent the
initiation of oscillations following addition of extra [Ca2+]o, confirming that Ca2+ can
permeate through other channel(s) (Fig. 2.3A, B). It is worth noting that whereas
mibefradil eventually terminated the oscillations, Ni2+ had negligible effect and it
might have slightly prolonged the responses. We next examined the participation of
TRPM7 channels, as we have previously shown that its inhibition abrogated Ca2+
influx in GV oocytes (Carvacho et al., 2016). We first used two general inhibitors: 2APB (50 M) and MgCl2 (10 mM). These inhibitors prevented oscillations, although
MgCl2 was more effective (Fig. 2.3C). We then examined more specific inhibitors of
TRPM7, and showed that NS8593 (10 M) had a strong inhibitory effect (Fig. 2.3D),
which is consistent with our previous results (Carvacho et al., 2016). We also used
waixenicin-A (WA, 5 M), which purportedly has the highest specificity against
TRPM7 (Chubanov et al., 2012; Zierler et al., 2011); WA also effectively suppressed
Ca2+ influx and oscillations (Fig. 2.3D). We repeated these studies using the TG
approach (Suppl. Fig. 2.2). Our results were mostly consistent with the previous data
in that CaV3.2 inhibitors were ineffective at reducing the initial Ca2+ influx, and 2APB (100 M) and MgCl2 (10 mM) were very potent inhibitors, especially the latter.
Of the TRPM7 inhibitors, NS8593 (10 M) successfully inhibited the responses, but
WA was not effective, although due to cell toxicity we only used low concentrations
of it (5 M). Altogether, the data suggest that besides CaV3.2, TRPM7 is an important
contributor to Ca2+ influx in GV oocytes. We further confirmed this by demonstrating
that Ca2+ influx in TRPV3-CaV3.2-KO oocytes is abrogated by treatment with the
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TRPM7 inhibitor NS8593 (10 M) (Suppl. Fig. 2.3). These results are consistent with
a recent report showing greatly reduced TG-induced Ca2+ influx in Trpm7-cKO GV
oocytes (Beesetty et al., 2018; Bernhardt et al., 2018; Faouzi et al., 2017).
Sr2+ induced oscillations in GV oocytes are greatly diminished in the absence of
CaV3.2 channels
[Sr2+]o was shown to generate action potentials in mouse MII eggs (Yoshida,
1983), and later studies showed that it is capable of inducing spontaneous oscillations
in GV oocytes and MII eggs (Bos-Mikich et al., 1995; Kline and Kline, 1992). These
oscillations likely represent, at least initially, intracellular changes in the
concentrations of both Ca2+ and Sr2+, although they are induced by the influx of Sr2+
from the extracellular media, which for these experiments is nominally Ca2+ free.
However, the channel(s) responsible for mediating Sr2+ influx were unknown until
recently when we showed TRPV3 mediates Sr2+ influx in MII eggs (Carvacho et al.,
2013). This study also reported that the functional expression of TRPV3 was low in
GV oocytes, raising doubts whether it could mediate Sr2+ influx at this stage. We
examined this question using Trpv3-KO GV oocytes, which showed robust Sr2+
oscillations, as we reported previously (Carvacho et al., 2016), although of lower
frequency than WT oocytes (Fig. 2.4A, B, F; P<0.05). Conversely, Sr2+ oscillations
were severely curtailed in CaV3.2-KO, and almost absent in Trpv3-CaV3.2-KO oocytes
suggesting that CaV3.2 channels play a pivotal role in mediating Sr2+ influx in GV
oocytes (Fig. 2.4C-F; P<0.05). Nevertheless, the fact that a few oscillations were still
detectable in Trpv3-CaV3.2-KO oocytes suggests the presence of an additional
channel(s).
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To identify other channel(s) mediating Sr2+ influx in WT GV oocytes, we used
the same series of pharmacological inhibitors. Consistent with genetic studies, the
CaV3.2 inhibitors, mibefradil (1 ) and Ni2+ (100 ), immediately terminated Sr2+
oscillations in all treated oocytes (Fig. 2.5A-B). Among the broad-range inhibitors,
MgCl2 (10 mM) also immediately stopped the oscillations, although the non-specific
inhibitor 2-APB (50 M) only protractedly attenuated the oscillations (Fig. 2.5C).
Remarkably, higher concentrations of 2-APB caused a large Sr2+ influx (100 µM,
Suppl Fig. 2.4A-C), which is consistent with its role as an agonist of TRPV3 channels
(Hu et al., 2004); it also demonstrated for the first time functional expression, albeit
incipient, of TRPV3 channels in GV oocytes. The inhibitors of TRPM7 channels
showed dissimilar effects, as whereas addition of NS8593 (10 M) terminated the
oscillations after a short delay, WA (5 ), the most specific TRPM7 inhibitor, was
almost without effect (Fig. 2.5D). It is worth noting that we did not use inhibitors
against TRPV3 channel in this study or throughout the manuscript, as none of the
inhibitors tested blocked Sr2+ oscillations in MII eggs (data not shown). Collectively,
our results show that CaV3.2 and to a lesser extent TRPV3 channels, contribute to Sr2+
influx in GV oocytes. The delayed inhibition of Sr2+ influx caused by NS8593,
suggests this compound displays some off-target effects even when used at the
recommended concentrations.
Mn2+ influx causes persistent quenching of Fura-2AM fluorescence
Mn2+ has long been used to study general pathways of divalent ion influx in
cells, as its entry causes marked quenching of Fura-2 fluorescence that is easily
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detectable (Luo et al., 2001). Mn2+ influx has been observed in both unfertilized and
fertilized eggs (Cheek et al., 1993), although the channel(s) that mediate(s) this influx
remain(s) unknown. To address this question, we combined analysis of genetic KO
models with results from pharmacological inhibitors. The addition of Mn2+ caused the
expected quenching of Fura-2 fluorescence intensity in all oocytes, although the rate
of decrease of the slope, assessed by percent of change in fluorescence, was reduced
in CaV3.2-KO oocytes compared to WT, Trpv3-KO and Trpv3-CaV3.2-KO oocytes
(Fig. 2.6A-D), suggesting that CaV3.2 channels are involved in Mn2+ influx at this
stage. Remarkably, not only the rate of Mn2+ influx was increased in Trpv3-CaV3.2KO oocytes, but also the time from addition to inflection was significantly shortened
(Fig. 2.6E-F), suggesting that in these oocytes the expression of other channel(s)
contributing to Mn2+ influx might be enhanced.
Further studies using mibefradil (1 ) and Ni2+ (100 ) confirmed the role
of CaV3.2 channels, as they delayed and reduced the rate of fluorescence quenching
compared to that of controls (Fig. 2.7A-B). 2-APB (50 M) and MgCl2 (10 mM)
provided maximal inhibition, as they nearly eliminated influx, especially MgCl2 (Fig.
2.7C), whereas TRPM7 inhibitors, delayed and reduced Mn2+ influx but did not
abolish it (Fig. 2.7D). Altogether, these results suggest that Mn2+ influx in GV oocytes
occurs through several channels mostly CaV3.2 (Kaku et al., 2003) and TRPM7 (Li et
al., 2006), although their individual contributions still needs to be parsed out (Fig. 2.7E
& F). The role of these channels was confirmed using NS8593 (10 M) in TRPV3CaV3.2-KO oocytes, which abrogated Mn2+ influx (Suppl. Fig. 2.5).
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Ni2+ influx causes protracted and persistent quenching of Mag-Fura-2AM
fluorescence
Ni2+ selectively blocks T-type channels (Bhattacharjee et al., 1997) but is
known to permeate other channels (Monteilh-Zoller et al., 2003). Ni2+ influx can be
followed by the quenching it produces on the fluorescence of Fura-2 and Mag-Fura-2
(Golynskiy et al., 2006; Merritt et al., 1989; Tashiro et al., 2014). We selected MagFura-2 because is much less sensitive to the [Ca2+]i increases induced by a variety of
methods used in cells (Suppl. Fig. 2.6). Addition of Ni2+ caused a marked and
comparable reduction in Mag-Fura-2 intensity in WT, Trpv3-KO and CaV3.2-KO
oocytes suggesting that these channels are unlikely to participate in its influx (Fig.
2.8A-C). However, Ni2+ induced quenching was significantly increased in Trpv3CaV3.2-KO oocytes (Fig. 2.8D-E), which is also reflected by the shortened time to
inflection, implying that the responsible channel(s) permeating Ni2+ is still present in
these KO oocytes (Fig. 2.8F). Our pharmacological studies showed that mibefradil (1
) had no effect on blocking Ni2+ influx (Fig. 2.9A, B) and that whereas both general
inhibitors of TRP channels markedly

reduced Ni2+ influx, MgCl2 (10

m) outperformed 2-APB (100 M) (Fig. 2.9C). TRPM7 inhibitors abrogated Ni2+
influx, with NS8593 (10 ) being the most potent of all inhibitors tested (Fig. 2.9D).
Altogether, our results show that TRPM7 is likely to serve as the major pathway for
Ni2+ influx in GV oocytes (Fig. 2.9E & F).
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Different contribution of Ca2+ channels to the Ca2+ store content of GV oocytes
We next examined how the previously identified divalent cation permeable
channels affect the intracellular Ca2+ content of GV oocytes. We used TG to evaluate
the ER content in the null mouse lines described above. A significant reduction in the
amplitude of the response was only observed in CaV3.2-KO oocytes (Fig. 2.10A & C),
whereas the AUC measurements were not different for any of the groups (P >0.05;
data not shown). Similar results were obtained by Bernhardt et al, 2015 (Bernhardt et
al.). To measure total store content, we used IO in a similar cohort of oocytes. We
found that the amplitude of the response was reduced in oocytes of all lines, but
significantly in Trpv3- and Trpv3-CaV3.2-KO oocytes (Fig. 2.10B & D; P <0.05),
whereas the AUC response was reduced in all KO oocytes (Fig. 2.10E; P <0.05).
We extended the above studies by incubating GV oocytes with the
aforementioned inhibitors for 1 hr, after which TG or IO was added and Ca2+ responses
were monitored. The CaV3.2 inhibitors mibefradil (1 ) and Ni2+ (100
) significantly reduced the response to TG, and similar effects were observed in
the presence of the general inhibitors 2-APB (100 ) and MgCl2 (10 mM) (Fig.
2.11A, B). The TRPM7 inhibitors were less effective (Fig. 2.11C). The responses to
IO displayed a similar trend, with CaV3.2 inhibitors and general inhibitors providing
the strongest inhibition, whereas the other inhibitors only displayed marginal effects,
although NS8593 (10 ) still reduced the amplitude of the response (Fig. 2.11, DF). Altogether, these results reveal that under steady-state conditions, CaV3.2 channels
are mostly responsible for the Ca2+ store content of GV oocytes, but contributions by
TRPV3 and TRPM7 channels are also evident.
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DISCUSSION
In this study we examined the presence and function of channels that mediate
divalent cation influx in mouse GV oocytes. We found that the three channels whose
expression has been identified by electrophysiology in mouse oocytes and/or eggs are
active at the GV stage. However, we observed that they respond distinctively to
divalent cation exposure. We found for example that Ca2+ and Mn2+ influx is mostly
dependent on CaV3.2 and TRPM7 channels, whereas Sr2+ induced oscillations largely
rely on CaV3.2 expression and much less on TRPV3, and TRPM7 appears to mediate
the totality of Ni2+ influx. Under steady-state conditions, CaV3.2 channels are
primarily responsible for maintaining Ca2+ store content, although TRPM7 is able to
mediate acute, induced Ca2+ influx demands. Lastly, as reported in other systems,
broadly used inhibitors such as 2-APB and Ni2+ showed dual properties, as they
effectively inhibited the influx of certain cations/channel(s), while simultaneously
working as agonists for other channels; other inhibitors showed more uniform and
specific effects. Identification of the channels responsible for Ca2+ and divalent cation
homeostasis in GV oocytes and their molecular regulation during oocyte maturation
could be used to improve fertility and also to prevent conception.
Non-selective channels mediate divalent cation influx in GV oocytes
The changes in Ca2+ homeostasis that occur in GV oocytes and the mechanisms
that underpin them are less characterized than those in MII eggs. Not that they are less
significant, as they contribute to maintain the mitochondrial function of these cells
(Wakai and Fissore, 2019) as well as to increase the ER Ca2+ content during maturation
(Jones and Nixon, 2000). Therefore, it is not surprising that several channels sustain
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Ca2+ influx at the GV stage. One of these channels is CaV3.2, which was recently
suggested to be the sole functional T-type channel in mouse eggs (Bernhardt et al.,
2015). Here, we found that oocytes from CaV3.2 null mice failed to show the
spontaneous oscillations that are stereotypical of this stage, a finding that was also
replicated using specific inhibitors. Surprisingly, Ca2+ influx induced by increasing
[Ca2+]o or by re-addition of [Ca2+]o after TG was only somewhat affected by the
absence of CaV3.2 channels, and specific pharmacological inhibitors also caused
modest inhibition of this influx. These results suggest that the expression of CaV3.2
channels mainly contributes to Ca2+ influx under basal, steady conditions whereas
other channels, two of which are examined here, are capable of mediating Ca2+ influx
when greater or acute demands of Ca2+ arise; these channels may maintain Ca2+
homeostasis in oocytes null for CaV3.2.
Consistent with the above results and with findings from the literature using
heterologous expression and electrophysiology, CaV3.2 channels showed permeability
to several divalent cations in the following order Mn2+>Ca2+>Sr2+. Therefore, it is not
surprising that CaV3.2 channels appear indispensable for Sr2+ influx at the GV stage,
which may be due in part to its higher permeability ratio for Sr2+ in relation to other
cations (Kaku et al., 2003). It is intriguing nevertheless that despite the presence of
CaV3.2 channels in mouse MII eggs (Day et al., 1998; Kang et al., 2007; Peres, 1987),
Sr2+ influx in these cells requires the expression of TRPV3 channels (Carvacho et al.,
2013). The difference between the GV and MII stages could be attributed to several
factors such as higher expression of TRPV3 channels in MII eggs compared to CaV3.2,
or an increase in the open probability of TRPV3 at the MII stage in relation to CaV3.2,
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or higher unitary conductance of TRPV3 channels for Sr2+ than CaV3.2 channels.
These results raise the question of what regulates the expression and function of
CaV3.2 channels in GV oocytes and throughout maturation. Whether or not these
channels experience rearrangements in the channel pore that reshape the selectivity
filter, as it is proposed to occur for certain channels (Khakh and Lester, 1999), or are
partly internalized (Shukla et al., 2010), and/or differentially affect the function of
neighboring channels or proteins during oocyte maturation will require additional
investigation.
Another channel expressed in mouse oocytes and eggs is TRPV3 (Carvacho et
al., 2013). Remarkably, electrophysiological recordings and Ca2+ imaging studies in
the presence of extracellular Ca2+ failed to detect functional expression of TRPV3
channels in GV oocytes (Carvacho et al., 2013). Nevertheless, here using Sr2+, 100
µM 2-APB and genetic models, we found that TRPV3 channels are functionally
expressed in GV oocytes, although they are not the main mediators of Sr2+ influx at
this stage, consistent with previous findings. The difference between our previous
report and the present, is that the functional expression of TRPV3 in GV oocytes was
tested by patch-clamping and imaging in the presence of Ca2+ but not of Sr2+(Carvacho
et al., 2013), which probably has a higher permeability ratio than Ca2+ . Further, in the
present study, we estimated Sr2+ influx by monitoring Sr2+-induced intracellular
oscillations. These oscillations not only depend on the influx of Sr2+ across the
membrane, but also rely on the modifications of IP3R1 by Ca2+ or Sr2+. Importantly,
given that at the MII stage the sole mediator of Sr2+ influx and oscillations is TRPV3,
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and that its PM functional expression experiences a steady increase during maturation,
future studies should examine the mechanism(s) regulating these changes.
We recently reported functional expression of a third channel in mouse oocytes
and eggs, TRPM7 (Carvacho et al., 2016). In that study we did not examine its role on
Ca2+ influx or its impact on the content of the internal Ca2+ stores. This function
however was addressed using a TRPM7 cKO line (Bernhardt et al., 2018), which
showed that cKO GV oocytes had comparable intracellular Ca2+ content to those of
control eggs suggesting that TRPM7 channels are not responsible for the basal, steady
Ca2+ influx. Remarkably, TRPM7 cKO oocytes showed greatly reduced influx
following addition of extra Ca2+ or re-addition of [Ca2+]o after TG, which is indicative
of the so-called SOCE mechanism (Bernhardt et al., 2018). Our findings with
pharmacological inhibitors are consistent with these results, as the broad inhibitors,
MgCl2 and 2-APB, and also the TRPM7 inhibitors, NS8593 and WA, drastically
reduced Ca2+ influx stimulated by TG exposure. It is worth noting that SOCE influx is
mediated by the combined actions of Stim1 and Orai1 (Smyth et al., 2010). However,
studies using GV oocytes from Orai1-KO or Stim1/2-cKO mice failed to show
alterations of Ca2+ influx or spontaneous oscillations (Bernhardt et al., 2017), which
suggests that canonical SOCE might not play a significant role in mouse GV oocytes.
Instead, TRPM7, which has been shown to modulate SOCE in lymphocytes (Beesetty
et al., 2018; Faouzi et al., 2017), might be responsible for modulating acute Ca2+ influx
and/or demands in GV oocytes. Future studies should ascertain the precise
mechanism(s) of action whereby TRPM7 modulates this type of Ca2+ influx in GV
oocytes as well as the influx of Ca2+ and other divalent cations during later stages of
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maturation, fertilization and early embryonic development. It is noteworthy that our
western blotting results reveal possible phosphorylation of TRPM7 channels in mouse
oocytes and eggs. It is well known that TRPM7 is phosphorylated in mammalian cells
and it also undergoes autophosphorylation (Kim et al., 2012). The effects of
phosphorylation on TRPM7 are varied, and have been shown to alter the channel
function as well as the stability and distribution of TRPM7 (Cai et al., 2018; Schmitz
et al., 2005). Future studies should examine the site(s) that are possibly modified in
mouse oocytes and eggs and their impact on TRPM7 function(s).
The apparent minor role of TRPM7 in supporting basal Ca2+ influx in our study
was also evidenced by the near absence of spontaneous Ca2+ oscillations in oocytes
from Trpv3-CaV3.2-KO mice, where TRPM7 should feature prominently. Similarly,
TRPM7 did not appear to support steady Sr2+influx in GV oocytes, as Trpv3-CaV3.2KO oocytes display greatly reduced oscillations in its presence. The TRPM7-like
channel nevertheless mediated Mn2+ influx, and it appears to be the sole mediator of
Ni2+ influx, which is consistent with its known permeability ratio to Ca2+ from
electrophysiological studies in somatic cells (Monteilh-Zoller et al., 2003). Consistent
with this, the influx of Mn2+ and Ni2+ was only somewhat decreased in oocytes of
single channel KO lines, and it was enhanced in Trpv3-CaV3.2-KO oocytes. Lastly,
Mn2+ and Ni2+ influx were abrogated by NS8593 and greatly diminished by WA – the
more specific of the TRPM7 inhibitors (Zierler et al., 2011). Our results therefore
suggest that although TRPM7 channels do not contribute to steady-state Ca2+ influx in
GV oocytes, at least under our conditions that contained [Mg2+]o, they may play an
important role when abrupt Ca2+ demands arise. TRPM7 channels might also mediate
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the influx of other divalent cations such as Zn2+, Co2+ and Mg2+, which are all
important enzyme-cofactors (Knape et al., 2017), and in the case of Zn2+ is also
important for post-implantation embryo development (Tian et al., 2014). Future
studies should determine whether the early embryonic lethality associated with the
loss of TRPM7 is due to reduced Ca2+ influx or reflects a combined deficiency in the
influx of one or more of the aforementioned divalent cations. Indeed, genetic ablation
of the channel function of TRPM7 in the intestine impacts the homeostasis of Zn2+,
Mg2+, and Ca2+ at the organismal level leading to deficiencies that are incompatible
with post-natal survival (Mittermeier et al., 2019).
Ca2+ influx and store content in GV oocytes
The increase in the content of the internal Ca2+ stores throughout oocyte
maturation is a well-documented phenomenon (Jones et al., 1995; Mehlmann and
Kline, 1994; Wakai et al., 2011). In GV oocytes, the internal Ca2+ stores contain low
Ca2+, and the content remains low even if oocytes are arrested at this stage for
prolonged periods of time, which is all the most remarkable because it happens despite
persistent Ca2+ influx (Cheon et al., 2013). Importantly, GV oocytes contain some Ca2+
in the stores and if one of the channels under consideration here, or if other
undiscovered channel(s) contribute to their filling is not presently known. Recent
studies used genetic models to address this question. Unexpectedly, it was found that
oocytes lacking the molecular components of SOCE showed unaltered store content
(Bernhardt et al., 2017), and the same conclusion was drawn from studies using
TRPM7 cKO oocytes (Bernhardt et al., 2018). Conversely, the Ca2+ store of oocytes
lacking CaV3.2 was unevenly affected, although the TG- sensitive stores were reduced,
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the total Ca2+ store content as assessed by IO was unaffected (Bernhardt et al., 2015).
In the present study, we found that absence of CaV3.2 channels diminished both the
TG-sensitive stores and the total stores, whereas the absence of Trpv3-KO channels
reduced the total store content. Consistent with these results, simultaneous deletion of
CaV3.2 and Trpv3 synergistically diminished total store content, findings that were
largely replicated by the addition of pharmacological inhibitors. Of these, the general
and CaV3.2 channel-specific inhibitors maximally reduced Ca2+ store content, whereas
TRPM7 inhibitors had lesser impact, findings that are consistent with a published
genetic study (Bernhardt et al., 2018). In those studies, simultaneous deletion of
CaV3.2 and TRPM7 channels synergistically reduced TG-sensitive stores in MII eggs
and the number of pups per litter (Bernhardt et al., 2018). Together, our studies show
that despite functional expression of at least three divalent cation permeable channels
on the PM of GV oocytes, these channels contribute distinctly to the filling of the
internal stores. Future studies should examine why and how this is determined, and
whether the distribution of these channels on the PM and/or their relationship to the
ER organization impacts the contribution to the filling of the stores at the GV stage
and during maturation.
Ca2+ channel inhibitors in GV oocytes
Although inhibitors of PM channels have been used for decades to identify
Ca2+ channels and their functions in neurons and other somatic cells (Merritt et al.,
1989), the use of these blockers in mammalian oocytes and eggs has been limited.
Here we employ a combination of inhibitors to identify the expression and contribution
of PM channels to the Ca2+ homeostasis of GV oocytes. Further, because we contrasted
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their effectiveness with cation influx in oocytes null for two of these channels, we can
make inferences about their specificity. Of the two broad inhibitors used, MgCl2
seemed to be the ideal compound, as it affects the conduction properties of all the three
channels whose expression is known in oocytes and eggs (Demeuse et al., 2006; Luo
et al., 2012). Consistent with these reports, 10 mM Mg2+ effectively blocked influx of
all divalent cations examined, although a range of concentrations would be necessary
to determine if differential sensitivity to it exists among these channels. The other
broad inhibitor, 2-APB, produced less consistent responses, as it effectively inhibited
Ca2+ influx at all concentrations, while at higher concentrations acted as a TRPV3
agonist promoting Sr2+ influx (Hu et al., 2004). Thus, 2-APB has disparate effects on
divalent cation influx in GV oocytes that depends on the concentration of the drug and
the divalent cation under consideration. The inhibitors of CaV3.2 channels also
produced some unexpected results. While 1 M mibefradil consistently inhibited the
influx of Ca2+, Sr2+ and Mn2+, 100 M Ni2+ did not attenuate Ca2+ influx when
promoted by addition of extra Ca2+ or following re-addition of Ca2+ after TG. These
results are consistent with Ni2+’s high permeability through TRPM7 (Monteilh-Zoller
et al., 2003), which may also be relieving the block in TRPM7’s pore region induced
by Ca2+ and/or Mg2+ (Monteilh-Zoller et al., 2003), causing Ca2+ to permeate this
channel as well as other present active channel(s) more effectively. Thus, the Ca2+
responses after the addition of Ni2+ should be interpreted with caution, as its presence
simultaneously inverses the functional activity of two channels expressed in mouse
oocytes and eggs. Both TRPM7 inhibitors used here proved effective at blocking
TRPM7-like channels, although WA was the most specific, as it blocked Ni2+ influx
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and curtailed stimulated Ca2+ influx without affecting Sr2+ influx; we could not test the
full effectiveness of WA, as the concentrations recommended in somatic cells of ~10
M (Zierler et al., 2011) proved toxic for GV oocytes. NS8593 displayed stronger
inhibitory properties, although it also protractedly inhibited Sr2+ influx suggesting
residual effects on CaV3.2 channels, which may explain its stronger effect on the
content of the internal Ca2+ stores.
Conclusions
In conclusion, we show that divalent cations permeate GV oocytes through at
least three different channels (Fig. 12). These channels are all non-selective, although
they might display different permeability ratios for the ions tested here. Similarly, we
found these channels differentially contribute to the constitutive, steady-state Ca2+
influx vs. stimulated Ca2+ influx, and to the filling of internal Ca2+ stores (Fig. 12;
lower panel), although the underlying cellular and/or molecular reasons behind these
differences are unknown. Lastly, we characterized inhibitors and concentrations that
can reliably prevent influx of specific divalent cations and identified the agonist
properties of other inhibitors. Future studies should examine how changes in Ca2+
homeostasis at the GV stage impact maturation and oocyte developmental
competence.
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FIGURES

2.1. Divalent cations permeate the plasma membrane of GV oocytes.
Divalent cation influx was examined in GV oocytes. (A) Representative traces of Ca2+
oscillations caused by enhanced influx after increasing [Ca2+]o from 2 mM to 5 mM.
(B) Sr2+ induced oscillations. (C) Fluorescence quenching at F360 following Mn2+
addition. (D) Fluorescence quenching at F380 following Ni2+ addition in oocytes
loaded with Mag-Fura-2AM in DFM media. Horizontal bars above each panel show
the time during which divalent cations were added to the media. All experiments were
replicated 4 times. In all panels in this figure and throughout the manuscript,
representative traces are shown; darker traces represent the most common response;
n: total number of oocytes examined.
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2.2. Ca2+ influx in GV oocytes is mediated by multiple channels.
Presence of spontaneous oscillations and Ca2+ influx examined in WT oocytes and
oocytes lacking TRPV3, CaV3.2 & V3-CaV3.2 channels. (A-four upper panels)
Spontaneous Ca2+ oscillations in WT and KO oocytes in media containing basal Ca2+
levels (2 mM). Fewer oocytes of the CaV3.2 and V3-CaV3.2 KO lines display
oscillations, which are also of decreased frequency (D) (P< 0.05). (B--four medium
panels) Ca2+ influx triggered by increasing [Ca2+]o from 2 mM to 5 mM induces
oscillations in all WT and KO lines, which appear of equal initial frequency (E). (Cfour lower panels) After addition of TG (10 M), Ca2+ influx resulted in reduced
responses in CaV3.2 and V3-CaV3.2 KO oocytes, especially in the interval from
Ca2+addition to the 1st Ca2+ peak (P< 0.05) (F). Filled horizontal bars above each panel
show the time of addition of Ca2+ (black) or TG (grey) to the media. All experiments
were 4 replicated for times. Asterisk(s) above columns in bar graphs denote significant
differences from other conditions here and throughout the manuscript.
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2.3. Pharmacological inhibitors disrupt Ca2+ influx/oscillations in GV oocytes.
Ca2+ influx in GV oocytes was tested by increasing [Ca2+]o from 2- to 5 mM
(white/black horizontal bars above each panel) in the presence of pharmacological
inhibitors (dashed bars). Increasing [Ca2+]o in (A) control, untreated oocytes, or
oocytes treated with (B) CaV3.2 inhibitors: MBF (1 M) or Ni2+ (100 M) induced
oscillations in the majority of oocytes. Conversely, Increasing [Ca2+]o in the presence
of the (C) general TRP channel inhibitors 2-APB (50 M) or MgCl2 (10 mM), or (D)
in the presence of the TRPM7 inhibitors NS8593 (10 M) or waixenicin-A (5 M)
failed to induce oscillations (P <0.05). All experiments were performed in 4 replicates.
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2.4. Sr2+-induced oscillations are diminished in CaV3.2- and V3-CaV3.2-KO
oocytes.
Sr2+ induced oscillations were tested in WT and in oocytes lacking TRPV3, or CaV3.2
or V3-CaV3.2 channels. Experiments were performed in nominal Ca2+-free media
containing 10 mM Sr2+. (A) Sr2+ induced the expected oscillations in WT oocytes, and
largely similar responses in (B) TRPV3-KO oocytes. Sr2+ induced oscillations were
reduced in (C) CaV3.2-KO and in (D) V3-CaV3.2-KO oocytes both in the (E) number
of cells showing oscillations, and in the (F) number of rises during the first 1h of
imaging (P<0.05). Horizontal bars above each panel denote the time during which Sr2+
was present in the media. All experiments were performed in 3-4 replicates.
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2.5. CaV3.2 channels inhibitors rapidly terminate Sr2+ induced oscillations.
Experiments were performed in nominal Ca2+-free media containing 10mM Sr2+ (black
bar) and pharmacological inhibitors (dashed horizontal bars) were added 25 min
following initiation of imaging. (A) Control, untreated oocytes showed normal
oscillations, which were immediately terminated (B) by the addition of the CaV3.2
inhibitors MBF (1 M) and Ni2+ (100 M). (C) The general TRP channels inhibitors
2-APB (50 M) & MgCl2 (10 mM) and (D) the TRPM7 inhibitor NS8593 (10 M)
also terminated oscillations but more protractedly especially by the latter; waixenicinA (5 M) was without effect. All experiments were replicated 4 times.
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2.6. Multiple channels enable Mn2+ entry.
Mn2+ influx was tested in WT and in oocytes lacking TRPV3, or CaV3.2 or V3-CaV3.2
channels. Experiments were performed in media containing 2 mM Ca2+. (A) Mn2+
influx in WT oocytes, (B) TRPV3-KO oocytes, (C) CaV3.2-KO oocytes, (D) V3CaV3.2-KO oocytes. (E) Fluorescence quenching assessed by the rate of F360 nm
fluorescence decrease per minute relative to baseline fluorescence (P<0.05). (F) Time
to inflection measured from the time of Mn2+ addition (5 min) to the time of first
significant change in fluorescence values, which shortened in V3-CaV3.2-KO oocytes
(P<0.05). Black horizontal bars denote addition of 100  Mn2+. Experiments were
replicated 4 times.
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2.7. Inhibitors of CaV3.2 & TRPM7 channels suppress Mn2+ influx.
Mn2+ influx monitored using traces depicting quenching of F360 nm fluorescence.
Experiments were performed in media containing 2 mM Ca2+ in the absence/presence
of specific pharmacological inhibitors (dashed bars) after addition of Mn2+ (black
bars): (A) control untreated oocytes, (B) oocytes treated with the CaV3.2 inhibitors
MBF (1 M) or Ni2+ (100 M), (C) or with the general TRP inhibitors 2-APB (50 M)
and MgCl2 (10 mM), or (D) with the TRPM7 inhibitors NS8593 (10 M) or
waixenicin-A (1 M). (E) Rate of fluorescence quenching per minute at F360 nm
relative to baseline fluorescence was reduced by all inhibitors examined (P<0.05), and
(F) time to inflection measured from the time of addition (5 min) to the time
fluorescence quenching begins was prolonged by all inhibitors examined(P<0.05).
Experiments were replicated 3 times.
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2.8. Enhanced Ni2+ influx in V3-CaV3.2-KO oocytes.
Ni2+ influx was tested in WT and oocytes lacking TRPV3, CaV3.2 or V3-CaV3.2
channels. Experiments were performed using Mag-Fura-2AM loaded oocytes in
divalent free medium (DFM). Ni2+ influx in (A) WT oocytes, (B) TRPV3-KO oocytes,
(C) CaV3.2-KO oocytes, (D) V3-CaV3.2-KO oocytes. (E) Fluorescence quenching at
F380 assessed by the rate of fluorescence decrease per minute relative to baseline
fluorescence (*P<0.05). (F) Time to inflection measured from the time of addition (5
min) to the time fluorescence quenching begins (*P<0.05). Black bars show the time
at which Ni2+ was added. Experiments were replicated three times.
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2.9. TRPM7 channel inhibitors block Ni2+ influx.
Inhibition of Ni2+ influx (black bars) was examined in the absence/presence of
pharmacological inhibitors (dashed bars) and assessed by the rate of fluorescence
quenching per minute at F380 relative to baseline fluorescence. Experiments were
performed using Mag-Fura-2AM loaded oocytes in divalent free medium. (A) Control,
untreated group, (B) CaV3.2 inhibitor MBF (1 M), (C) general inhibitors of TRP
channels 2-APB (100 M) or MgCl2 (10 mM), (D) TRPM7 inhibitors NS8593 (10
M) or waixenicin-A (5 M). (E) Maximal inhibition of fluorescence quenching of
Mag-Fura by general TRP inhibitors, and more specifically by the TRPM7 inhibitor
NS8593 (P<0.05). (F) Time to inflection measured from the time of addition (5 min)
to the time of fluorescence quenching begins, was also maximally inhibited by TRP
inhibitors and more specifically by NS8593 (P<0.05). Experiments were replicated 3
times.
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2.10. The absence of TRPV3- and V3-CaV3.2 channels reduces internal Ca2+
stores.
Ca2+ release from ER and total stores was measured using TG (10 M) and IO (2.5
M) in WT and in oocytes lacking TRPV3, CaV3.2, or V3-CaV3.2 channels.
Experiments were performed in nominal Ca2+-free medium. (A) TG responses in WT,
TRPV3-, CaV3.2- and V3-CaV3.2-KO oocytes. (B) Ionomycin responses in WT,
TRPV3-, CaV3.2- and V3-CaV3.2-KO oocytes. (C) Peak amplitude of TG-induced Ca2+
release was reduced in CaV3.2 (P<0.05). (D) Peak amplitude of ionomycin-induced
Ca2+ release was reduced V3-CaV3.2 (P<0.05), whereas (E) AUC response induced by
IO was reduced in all KO lines (P<0.05). Open bars indicate nominal Ca2+ free media;
filled gray bars show the time at which TG/IO was added. Experiments were replicated
3 times.
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2.11. Internal Ca2+ stores are reduced in the presence of CaV3.2 and general TRP
channels inhibitors.
Oocytes were incubated with pharmacological inhibitors for 1 h after which internal
Ca2+ store content was tested following addition of TG and IO-induced. Peak
amplitude of intracellular Ca2+ release was graphed and quantified. (A and D) the
CaV3.2 inhibitors MBF (1 M) and Ni2+ (100 M) reduced responses to both
treatments (P<0.05), and similar effects were observed after the addition of (B and
E) the TRP channels general inhibitors 2-APB (100 M) and MgCl2 (10 mM)
(P<0.05). (C & F) The TRPM7 inhibitors NS8593 (10 M) & waixenicin-A (1 M)
were without effect (P>0.05) regarding TG responses, while NS8593 affected the
amplitude of the IO response (P>0.05). Dashed bars indicate the presence of
pharmacological inhibitors; black and white bars indicate the presence/absence of
Ca2+; gray bars show the time at which IO/TG was added.
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2.12. Divalent cation influx in GV oocytes is mediated by non-selective PM
channels that differently contribute to fill the internal Ca2+ stores.
CaV3.2 and TRPM7 channels appear to equally contribute to the influx of Ca2+ and
Mn2+, but CaV3.2 seems responsible for the majority of the Sr2+ influx, whereas
TRPM7 is the main mediator of Ni2+ influx. TRPV3 promotes a minor portion of Sr2+
influx at this stage. Influx is denoted by black arrows across the different channels.
The lower half of the GV oocyte schematic, denotes the apparent contribution of each
of the channels to the filling of the TG-sensitive stores, the ER, or to the IO-sensitive
stores, Total stores. Expression of CaV3.2 channels is necessary to maintain both
internal Ca2+ stores, whereas TRPV3 contributes to the Total stores. Orange arrows
denote the influx through the channels that contribute to the filling of the internal stores
(intact arrows ER stores and broken arrows Total stores).
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SUPPLEMENTARY DATA

Supplementary Figure 2.1. Relative expression levels of three ion channels in
mouse oocytes and eggs. Total RNA isolation followed by cDNA synthesis using GV
oocytes and MII eggs from CD-1 mice. Normalized relative expression to
housekeeping gene (-Actin) was assessed in triplicates and three replicates were
performed. Log2 fold changes are shown for TRPM7 (red) TRPV3 (green) and Cav3.2
(purple). mRNA expression levels of these channels did not change significantly
between these two stages.
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Supplementary Figure 2.2. TRP channel inhibitors reduce Ca2+ influx following
TG administration. Ca2+ influx was tested in GV oocytes after addition of TG and in
the presence of pharmacological inhibitors. Experiments were performed in nominal
Ca2+-free medium. (A) Control group. (B) CaV3.2 inhibitors: MBF (1 M), Ni2+ (100
M). (C) General inhibitors of TRP channels: 2-APB (100 M), MgCl2 (10 mM). (D)
TRPM7 inhibitors: NS8593 (10 M), waixenicin-A (5 M). Gray horizontal bars
denote the time at which TG was added; dashed bars indicate the time at which
inhibitors were added and black bars show the time at which Ca2+ was added.
Experiments were replicated 3 times. In all graphs, representative traces are shown;
darker traces represent the most common response.
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Supplementary Figure 2.3. The TRPM7 inhibitor NS8593 abrogates Ca2+ influx
TRPV3-CaV3.2-KO GV oocytes. Acute Ca2+ influx in TRPV3-CaV3.2-KO GV
oocytes was tested by increasing [Ca2+]o from 2- to 5 mM (white/black horizontal bars
above each panel) in the absence and/or presence of the TRPM7 channel inhibitor
NS8593 (dashed bars). Increasing [Ca2+]o in (A) control, untreated oocytes, triggered
oscillations, whereas in oocytes treated with NS8593 (10 M) (B-C) the addition of
Ca2+ failed to induce oscillations (P <0.05). All experiments were performed in 3
replicates.

Supplementary Figure 2.4. Concentration-dependent 2-APB effects on Sr2+ influx
in GV oocytes. 2-APB was used to test the activity of TRPV3 channels in GV oocytes.
Experiments were performed in nominal Ca2+-free media containing 10mM Sr2. (A)
Control group. (B) Addition of 2-APB 30 min after initiation of Ca2+ imaging; 25 M
2-APB. (C) 100 M 2-APB. Black horizontal bars denote the presence of Sr2+,
whereas dashed bars show the time at which the inhibitor was added. Experiments
were 2 replicated 2 times.
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Supplementary Figure 2.5. The TRPM7 inhibitor NS8593 abrogates Mn2+ influx
TRPV3-CaV3.2-KO GV oocytes. Mn2+ influx was monitored by tracing the
quenching of F360 nm Fura-2 fluorescence. Experiments were performed in media
containing 2 mM Ca2+ in the absence and/or presence of NS8593 (dashed bars) after
addition of Mn2+ (black bars): (A) control untreated oocytes, (B) oocytes treated with
NS8593 (10 M). Bar graphs comparing the (C) rate of fluorescence quenching per
minute at F360 nm relative to baseline fluorescence, and (D) time to inflection
measured from the time of addition (5 min) to the time fluorescence quenching begins;
both parameters were reduced in the presence of the inhibitor (P<0.05). Experiments
were replicated 3 times.

Supplementary Figure 2.6. Mag-Fura-2 fluorescence is not altered by
physiological Ca2+ and Sr2+ intracellular changes but it is quenched by Ni2+ influx.
(A) Increasing [Ca2+]O from 2- to 5mM results in detectable fluorescence changes in
oocytes loaded with Fura-2AM but not in Mag-Fura-2AM-loaded oocytes. (B) Sr2+
induced oscillations are also detected in oocytes loaded with Fura-2AM but not in
Mag-Fura-2AM-loaded oocytes. (C) Ni2+ influx in divalent free media causes a steady
decrease in oocytes loaded with Mag-Fura-2AM but not in oocytes loaded with Fura2AM. Black bars show the time at which divalent cations were added. Experiments
were replicated 2 times.
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CHAPTER 3
TRPV3-TRPM7 AND CAV3.2, THE THREE CHANNELS
REQUIRED TO SUPPORT FERTILIZATION INDUCED CA2+
OSCILLATIONS AND EMBRYO DEVELOPMENT
ABSTRACT
In mammals, preparation for fertilization occurs during maturation by
accumulating Ca2+ into endoplasmic reticulum (ER) stores as well as nuclear
maturation to a metaphase-II arrested (MII) egg. Following fusion of egg and sperm,
series of long lasting Ca2+ oscillations occurs that lead to meiosis resumption, egg
activation and beginning of embryo development. Maintenance of these oscillations
depends on Ca2+ influx across the plasma membrane (PM). Functional expression of
three major PM channels have been shown in mouse eggs: TRPV3; TRPM7 and Ttype, CaV3.2 channels. However, genetic mouse models lacking single or two of these
channels shows no effect or only sub-fertility. Therefore, we hypothesized that
presence of three channels is required to support successful fertility and embryo
development. Hence, we generated genetic mouse models with female’s eggs lacking
the three channels (Trpl-KO). We found that fertility of these animals is severely
impaired, with total two pups for 6 months breeding trial. Preimplantation embryo
development following natural mating and IVF, further confirmed the inability of
Trpl-KO eggs to activate and develop normally. Fertilized Trpl-KO eggs via PLC
cRNA injection and/or IVF failed to show long lasting fertilization induced Ca2+
oscillations. The [Ca2+]ER content was also severely reduced. These data confirm the
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dependence of Ca2+ influx during maturation and fertilization on the three PM
channels in mouse.
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INTRODUCTION
In mammals and other taxa, an increase in the intracellular concentration of free
Ca2+ ([Ca2+]i) is required for egg activation and the initiation of embryo development
(Stricker, 1999). In mammals, the [Ca2+]i response adopts a repetitive pattern separated
by steady intervals that is known as oscillations (Miyazaki et al., 1992). In this species,
a sperm-specific phospholipase C, PLC Zeta1 (PLC), is responsible for the majority
of this Ca2+ release and its absence is associated with severe infertility (Hachem et al.,
2017; Nozawa et al., 2018; Saunders et al., 2002). PLC promotes steady hydrolysis
of phosphatidyl 4,5-bisphosphate that results in production of inositol 1,4,5trisphosphate (IP3) that mediates Ca2+ release by binding its cognate receptor, IP3R1,
which is located in the membranes of the internal stores (Mehlmann and Kline, 1994;
Miyazaki et al., 1992). The endoplasmic reticulum (ER) is the main intracellular store
supporting the oscillations, and accordingly during maturation in preparation for
fertilization its Ca2+ content increases significantly (Jones et al., 1995; Tombes et al.,
1992), and it undergoes marked reorganization achieving a cortical and clustered
organization (FitzHarris et al., 2007; Mehlmann et al., 1995).
The fertilization-initiated [Ca2+]i oscillations last for several hours and their
termination in the mouse is associated with the formation of the pronuclei (PN)
approximately 4 hr after sperm entry (Jones, 1998; Kono et al., 1995). Whereas the
first few [Ca2+]i rises rely primarily on Ca2+ stored in the ER (Wakai et al., 2013), the
persistency of oscillations requires Ca2+ influx across the plasma membrane (PM)
(Kline and Kline, 1992; Winston et al., 1995). Evidence for this was shown by
initiating oscillations in the absence of extracellular Ca2+, which showed a first rise of
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similar amplitude, but reduced duration, and only a few subsequent rises (Wakai et al.,
2013). In other studies, removal of extracellular Ca2+ or its chelation rapidly
terminated oscillations (Kline and Kline, 1992; Winston et al., 1995). These results
therefore demonstrate the absolute requirement of Ca2+ influx from the extracellular
milieu to support the long lasting [Ca2+]i oscillations. Remarkably, despite the
unmistakable importance of Ca2+ influx for egg activation, the full complement of
channels that underlie it and their specific contributions are not fully known.
The first realization that cations permeated through channels on the plasma
membrane of mouse oocytes and eggs occurred over 30 years ago, although the
channels remained unidentified until the last few years. The first currents measured
were noted to be voltage dependent and were deemed to be stronger in GV oocytes
than in MII eggs (Peres, 1986; Yoshida, 1983). The supporting channel was
determined to be of the CaV3.2 (T-type), which are voltage gated channels (Day et al.,
1998; Kang et al., 2007), and subsequent genetic studies demonstrated that CaV3.2 is
the sole functional voltage-operated T-type channel in mouse eggs (Bernhardt et al.,
2015). Females lacking CaV3.2 channels were shown to be fertile and showed largely
normal oscillatory responses following fertilization, although exhibited partially
reduced ER Ca2+ store contents (Bernhardt et al., 2018). Given that significant voltage
changes are not detectable during mammalian fertilization (Igusa and Miyazaki, 1983),
other cation-permeable channels must be expressed in these cells.
The first non-voltage gated channel identified was the Transient Receptor
Potential Vanilloid 3 channel,TRPV3, a member of TRP family of channels (Carvacho
et al., 2013). TRP channels are largely non-selective, and the vanilloid family is
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characterized for being thermosensitive (Wu et al., 2010). TRPV3 was also found to
be thermosensitive in mouse oocytes where it was found to display a distinct functional
expression, which started nearly absent in GV oocytes and progressively increased in
MII eggs (Carvacho et al., 2013). Furthermore, TRPV3 is the sole channel permeating
Sr2+ influx in mouse MII eggs, as in its absence the addition of Sr2+ failed to trigger
oscillations or induced parthenogenetic egg activation. Remarkably, mice null for it
are fertile and display normal Ca2+ oscillations (Carvacho et al., 2013). A third channel
and another member of the TRP family channels, TRPM7, was recently identified in
mouse oocytes and eggs using electrophysiological recordings (Carvacho et al., 2016).
TRPM7 is the only TRP family member whose genetic ablation causes embryonic
lethality at around embryonic day 7 (Jin et al., 2008). Unlike TRPV3, the functional
expression of TRPM7-like current is higher in GV oocytes than in MII eggs, and it
increases after fertilization in 2-cell embryos, consistent with a role on preimplantation
embryo development (Carvacho et al., 2016). The generation of females with oocytes
conditionally devoid of TRPM7 (TRPM7-cKO) allowed to assess its contributions to
Ca2+ homeostasis in these cells. cKO GV oocytes showed reduced Ca2+ influx,
although sperm-initiated oscillations were only mildly affected and, most importantly,
the fertility of these females was largely unaffected (Bernhardt et al., 2018). Together,
these results indicate that missing any single of the PM channels so far known to be
expressed in oocytes has no major effect on [Ca2+]i oscillations or fertility.
Barring the presence of an undiscovered channel, it is possible that only the
combined deletion of these channels might provide insights into their role in fertility
and influx to support oscillations. To this end, a double KO mouse line lacking both
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Cav3.2 and TRPM7 was developed. In these eggs, the Ca2+ store content and the
fertilization induced Ca2+ oscillations were severely disturbed, although preimplantation embryo development did not appear disturbed and there was only minor
reduction in litter size (Bernhardt et al., 2018). Another line of double KO mice lacking
CaV3.2 and TRPV3 channels was developed in our laboratory. These eggs showed
reduced [Ca2+]ER content and the fertilization-initiated [Ca2+]i oscillations were
curtailed both in frequency and duration, although again the impact on litter size was
minor (Manuscript in preparation). All together these results led us to hypothesize that
the three channels expressed in mouse oocytes, TRPV3, TRPM7, and CaV3.2 support
the Ca2+ influx necessary to support the fertilization-initiated oscillations. In this study,
we address this question by generating a triple (Trpl) KO mouse line.
Fertilization-induced Ca2+ oscillations lasts for several hr in mammals and are
responsible for promoting exit from the metaphase II (MII) arrest and progression into
the zygote stage (Lorca et al., 1993; Markoulaki et al., 2004); [Ca2+]i changes
accomplish these cellular events of egg activation by activating the downstream Ca2+CaM sensitive kinase, CaMKII (Backs et al., 2010). There are several events of egg
activation and not all are equally sensitive to Ca2+ with late events of egg activation
such as PN formation needing more [Ca2+]i rises than those needed to promote cortical
granule release (Ducibella et al., 2002; Swann and Ozil, 1994). Further, the number
and frequency of Ca2+ spikes influences the time of PN formation and time to first
mitosis (Lawrence et al., 1998). Nevertheless, it is still unclear if the magnitude of the
the sperm induced Ca2+ response besides what is needed to induce egg activation has
any impact on the success of the subsequent embryo development (Rogers et al., 2006;
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Toth et al., 2006). It is expected that by generating mouse lines whose oocytes lack
certain/all influx channels needed to support oscillations will provide important
insights into the role of Ca2+ and embryo development.
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MATERIALS AND METHODS
Mice
To generate animals lacking the three channels, female full knockout for
TRPV3 and CaV3.2 channels (double-KO) were crossed with Trpm7f/f-Gdf9-cre males
(generous gift from Dr. Carmen Williams, NIEHS). Original mice Trpm7f/f (stock
#018784) and Gdf9-cre (stock #011062), were obtained from The Jackson Laboratory.
The resulting heterozygote animals that were Gdf9-cre positive, were then further
crossed to generate males Trpv3-CaV3.2-KO and carrier of Trpm7f/f-Gdf9-cre and
females that are Trpv3-CaV3.2-KO and their oocytes also lacks Trpm7 (Trpl-KO).
To determine fertility, total of 11 Trpl-KO females were mated for the period
of 6th months with both Trpm7f/f and C57BL/6J wild type males (Jax Laboratory, stock
# 000664). To prove the fertility of males, control females including Trpm7f/f and
C57BL/6J wild type were present in the same cage during breeding. The following
fertility parameters were assessed: number of plugs, total number of parturitions,
average intervals between litters, total and average number of pups per female and
time to first parturition. At 21 days, pups were weaned and separated by sex. All
animal work was performed in accordance with research animal protocols approved
by the University of Massachusetts Institutional Animal Care and Use Committee.
Gamete and embryo collection and culture
Female mice between the age of 8-12 weeks old were super-ovulated by
intraperitoneal (i.p.) injection of 5 IU pregnant mare serum gonadotropin (PMSG,
Calbiochem, EMD Biosciences) followed by i.p. injection of 5 IU human chorionic
gonadotropin (hCG, Calbiochem, EMD Biosciences) 46-48 hours post PMSG
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stimulation. Ovulated, MII-arrested eggs were obtained 12-14h post hCG injection by
rupturing the oviducts in TL-HEPES solution supplemented with 5% FCS. Cumulus
cells were removed using 0.1% bovine testes hyaluronidase (Sigma, St. Louis, MO)
and gentle aspiration through a pipette. To generate 1-cell zygotes, females were mated
with wild type males following hCG injections and zygotes were collected 19h post
hCG stimulation. MII eggs and 1-cell stage zygotes were cultured in KSOM medium
(EMD Millipore, cat# MR-106-D), both in a humidified atmosphere of 5% CO2 at
37°C. In vitro embryo culture was observed for 3.5 Days post fertilization (Blastocyst
stage).
Electrophysiology
Whole-cell currents were measured using an Axoptach200B amplifier
digitized at 10 kHz (Digidata 1440A) and filtered at 5 kHz. Electrophysiology
recordings were performed on the same day of egg isolation up to 8 hours postcollection. Eggs were maintained in KSOM medium at 37ºC and 5% CO2. Pipettes of
1-3 MΩ resistance were made from glass capillaries (593600, A-M systems). The
intracellular solution contained (in mM): 155 Cs-methanesulfonate, 10 HEPES, 2
NaATP, 0.3 NaGTP, 0.2 EGTA, 8 NaCl (free 100 nM), pH: 7.3. Concentration of Ca2+
was calculated using WincMax Chelator. The external solution for giga seal formation
contained (in mM): 125 NaCl, 6 KCl, 20 CaCl2, 20 HEPES-NaOH, pH: 7.3-7.4. This
external solution was used to measure CaV3.2 current, elicited by 50 ms duration
depolarization steps from -100 mV to 50 mV in 10 mV increments with holding
potential of -80 mV. To measure TRPV3 currents in response to 2aminoethoxydiphenyl borate (2-APB, 100 M), an external solution containing (in
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mM): 140 NaCl, 10 HEPES, 10 glucose, 4 KCl, 1 MgCl2, and 2 CaCl2 was used.
TRPM7 basal responses to Naltriben (80 M, Sigma) were measured in an external
solution containing (in mM): 140 NaCl, 10 HEPES, 10 glucose, 4 KCl and 2 CaCl2.
TRPM7 currents were activated by voltage ramps from 100 mV to -100 mV (600 ms,
every 2 s). The holding potential was zero.
Preparation of cRNA and microinjections
The sequence encoding for the full-length of mouse PLCζ cDNA, a kind gift
from Dr. K. Fukami (Tokyo University of Pharmacy and Life Science, Japan) were
subcloned into a pcDNA6 vector (pcDNA6/Myc-His B; Invitrogen, Carlsbad, CA).
Plasmids were linearized with a restriction enzyme downstream of the insert
and cDNAs were in vitro transcribed using the T7 or SP6 mMESSAGE mMACHINE
Kit as previously described (Ambion, Austin, TX) according to the promoter present
in the construct. A Poly (A)-tail was added to the mRNAs using a Tailing Kit
(Ambion) and poly(A)-tailed RNAs were eluted with RNAase-free water and stored
in aliquots at -80 °C. Microinjections were performed as described previously (Lee et
al., 2016). cRNA were centrifuged, and the top 1–2 L was used to prepare micro
drops from which glass micropipettes were loaded by aspiration. cRNA were delivered
into eggs by Piezo Drill. Each egg received 5–10 pL, which is approximately 1–3% of
the total volume of the egg.
Ca2+ Imaging and Store content
Ca2+ imaging was performed using a Ca2+ sensitive dye Fura-2-acetoxymethyl
ester (Fura 2-AM, Invitrogen/ThermoFisher). Eggs were loaded with 1.25 M Fura-
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2AM supplemented with 0.02% Pluronic acid (Invitrogen) for 20 min at room
temperature and were placed in micro-drops of TL-HEPES on glass bottom dish (MatTek Corp., Ashland, MA) under mineral oil. Monitoring was performed using an
inverted microscope (Nikon, Melville, NY) outfitted for fluorescence measurements.
Fura 2-AM was excited between 340 and 380 nm wavelengths using a 75 W Xenon
arc lamp and a filter wheel (Ludl Electronic Products Ltd., Hawthorne, NY), and
fluorescence was captured every 20s. The emitted light above 510 nm was collected
by a cooled Photometrics SenSys CCD camera (Roper Scientific, Tucson, AZ). Nikon
Element software was used to coordinate the filter wheel and data acquisition. The
acquired data were saved and analyzed using Microsoft Excel and GraphPad Prism
Version 5.0 (GraphPad Software, La Jolla, CA).
Fertilization induced Ca2+ oscillations following PLC injection was measured
using TL-HEPES media containing the standard concentration of 2 mM CaCl2. Sr2+
influx and oscillations were carried out in nominal Ca2+ free TL-HEPES supplemented
with 10 mM Sr2+ throughout the monitoring period. Mn2+ influx was tested in TLHEPES media containing 2 mM CaCl2, which 100 M Mn2+ were added 5 min after
the initiation of monitoring. Mn2+ influx was estimated by the quenching of Fura-2’s
fluorescence intensity at the 360 nm wavelength, which is the isosbestic point. Ca2+
store content was measured in nominal Ca2+ free TL-HEPES followed by addition of
Ionomycin (IO, 2.5 M) or Thapsigargin (TG, 10 M) at the indicated time points.
In Vitro Fertilization (IVF) and Ca2+ imaging
Cumulus-oocyte complexes (COCs) were collected from wild type and TrplKO females 12-14h post hCG injection. From each female one COC was placed in 90
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L drop of TYH (fertilization) media covered with mineral oil that is previously
equilibrated at 37ºC in a humidified atmosphere of 5% CO2. Insemination of COCs
were done using sperm from 2-8 months old CD1 males that is capacitated in TYH
media supplemented with 4 mg/mL BSA. After 4 h of insemination, eggs were
washed, transferred to fresh TYH media, and incubated overnight at 37ºC in a
humidified atmosphere of 5% CO2. Twenty-four hours post insemination, all eggs
were transferred to KSOM and in vitro embryo development were observed for 3.5
Days post insemination.
At the same day, the other COC from each female were used to perform live
imaging following IVF. To do so, cumulus cells were removed with 0.1% bovine testes
hyaluronidase (Sigma). Further, zona pellucida (ZP) was removed using acidic
Tyrode’s solution, pH 2.5 and eggs were loaded with Ca2+ sensitive dye Fura-2AM (as
described above) for 10 min in KSOM medium at 37ºC in a humidified atmosphere of
5% CO2. Eggs were placed in micro-drops of BSA- and Cell-Tak-free TYH medium
on a glass bottom dish under mineral oil, which was placed at 37ºC in a humidified
atmosphere of 5% CO2 one hour prior to beginning of the Ca2+ imaging. Sperm further
diluted in TYH containing 2 mg/mL BSA and added to a final concentration of 105
sperm/mL between 5-10min after initiation of Ca2+ imaging.
To perform enhanced IVF, eggs from wild type and Trpl-KO females were
loaded with Ca2+ sensitive dye Fura-2AM (as described above). This followed by
partial zona pellucida dissection of eggs using a glass pipette (4 M in diameter) with
Piezo Drill. Eggs were placed in micro-drops of TYH medium containing 2 mg/mL

79

BSA on a glass bottom dish under mineral oil using Cell-Tak. Sperm were added to a
final concentration of 106 sperm/mL 2 min after initiation of Ca2+ imaging.
Statistical analysis
Values from at least three different experiments were used for evaluation of
statistical significance for each of the comparisons performed. The Prism software
version 5.0 (GraphPad Software) was used to perform the statistical analysis. All bar
graphs are presented as mean ± SEM. Significant differences were considered at P
values < 0.05.
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RESULTS
Absence of divalent-permeable cation channels currents in Trpl-KO eggs
We first confirmed the lack of functional expression of the three channels under
investigation performed by using whole-cell patch clamp methodology. To measure
the currents of all the three channels in a single egg, we used internal solutions devoid
of Mg2+, which blocks TRPM7 (Carvacho et al., 2016). In addition, we employed Csmethanosulfonate to preemptively block K+ channels (Cecchi et al., 1987). With these
conditions in place, we applied a step protocol to detect the activity of T-type calcium
channels (Peres, 1987), which was absent in Trpl-KO eggs (Fig. 3.1A-B). Next, we
examined the functional expression of TRM7, and for this we used internal and
external media devoid of Mg2+ and used a voltage ramp protocol to evoke and detect
outwardly rectifying currents with properties characteristic of TRPM7 (Carvacho et
al., 2016). In addition, we used the selective activator Naltriben under physiological
conditions to confirm the functional expression of TRPM7 (Hofmann et al., 2014);
Trpl-KO eggs again failed to show any significant changes in current (Fig. 3.1C-D).
Lastly, we tested the functional expression of TRPV3 channels using 2-APB, which is
a potent TRPV3 agonist and also evokes a characteristic outwardly rectifying current
(Carvacho et al., 2013); Trpl-KO eggs once again showed no response (Fig. 3.1E-F).
Altogether, our results demonstrate that the eggs of Trpl-KO mice are functionally null
for the three targeted channels.
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Trpl-KO females display substantially impaired fertility and preimplantation
embryo development
To establish the effect of the cation permeable channels under investigation on
fertility, we examined mating, pregnancies and birth of offspring in eleven Trpl-KO
females for a period of 6 months; Trpl-KO females were paired with wild type males.
We observed no significant differences between Trpm7f/f and C57BL/6J wild type
females used as control, hence results from these two groups are combined throughout
this chapter. In terms of mating, we observed that less than half of Trpl-KO mated
females, a plug was observed, led to live birth (20/46), which is significantly lower
than for WT females (55/76; P<0.05). Further, the average number of parturitions per
female during the 6-month mating period was 5.20.23 in WT vs. 1.80.35 in TrplKO females, which was also significantly different (P<0.05; Fig. 3.2A). Other
parameters negatively affected in Trpl-KO females were: the average intervals
between parturitions, 28.91.35 for WT females vs 60.79.49 days for Trpl-KO
counterparts (P<0.05; Fig. 3.2B), total number of pups per female during this period,
312.4 pups in WT females vs 2.450.47 in Trpl-KOs (Fig. 3.2C), and average number
of pups per female followed, 5.80.38 pups for WT females vs. 1.140.21 pups for
Trpl-KO females (P<0.05). It is noteworthy that we found no differences between the
groups in the time to first delivery, suggesting that sexual maturity and behavior were
not disrupted in the Tr-KO females (Fig. 3.2D). Altogether, our results demonstrate
that that functional expression of these channels is required for normal fertility in the
mouse.
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To gain insight into the stage(s) underlying the infertility of Trpl-KO females,
we examined the progression of embryos through the pre-implantation stages. In
separate experiments, we collected zygotes following natural mating as well as zygotes
generated following IVF from both WT and Trpl-KO females and cultured them until
the blastocyst stage (3.5 days post conception). There was a progressive reduction
throughout all the stages of pre-implantation embryo development with a consequent
reduction in the number of zygotes reaching the blastocyst stage (P<0.05; Fig. 3.3AB). Remarkably, while the majority of WT eggs collected ~20 hr post hCG formed
PNs (79/97 zygotes) only ~half of the collected Trpl-KO eggs formed PNs (66/136
combined 3 females). Trpl-KO females were divided in two groups: group a include
zygotes from 2 females that only one blastocyst developed, while group b that include
zygotes from a single female with a greater number of zygotes reached blastocyst stage
(Fig. 3.3B). On both groups, the great majority of zygotes progressed to 2-cell stage,
and although the majority of WT 2-cell embryos progressed to the 4-8-cell stage, TrplKO embryos experienced a dramatic fall and the progression was delayed. The
attrition for Trpl-KO embryos continued all the way to the blastocyst stage (Fig. 3.3BC), and whereas ~ 50% of WT 2-cell stage embryos developed to the blastocyst stage,
only 10.0% of Trpl-KOs reached this stage at the expected time (Fig. 3.3C); additional
in vitro culture increased in the rate of blastocyst formation in both groups (Fig. 3.3D).
Primary data from cell counts of blastocysts of WT and Trpl-KO zygotes show
reduction in number of cells in Trpl-KOs (work in progress).
As noted, we performed similar experiments using IVF generated zygotes. We
observed the same trend although the development defects were greatly accentuated
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in Trpl-KO zygotes, with virtually no 2-cell stage Trpl-KO embryo progressing to the
blastocyst sage (Fig. 3.3E-F). Together, our results show that a significant portion of
the infertility observed in Trpl-KO mice is due to defects in pre-implantation embryo
development.
Reduced internal Ca2+ Store content and divalent cation influx in Trpl-KO eggs
One of the underlying reasons compromising embryo development in embryos
generated from Trpl-KO eggs is an underwhelming fertilization activating Ca2+ signal.
The internal Ca2+ stores are an important source of Ca2+ release and given that they are
filled and refilled from the extracellular media via PM channels, it is possible that in
Trpl-KO eggs the internal Ca2+ stores are partly filled. To assess this, we first evaluated
the [Ca2+]ER content of MII eggs by quantifying the [Ca2+]i response following
exposure to TG. Remarkably, the majority of Trpl-KO eggs failed to respond to TG
(Fig. 3.4A-B), and those that showed a response displayed reduced amplitude and area
under the curve compared to WT (Fig. 3.4B-C). We next used IO to test the total
internal stores. Again, maximum amplitude and area under the curve of Ca2+ release
were substantially reduced in Trpl-KO eggs (Fig. 3.4D-F).
Given that internal Ca2+ stores rely on the influx of extracellular Ca2+ mediated
by PM-channels, we examined whether the influx of other divalent cations was also
affected in Trpl-KO eggs. We first examined, the influx of Sr2+, which in mouse eggs
is known to enter through the TRPV3 channel (Carvacho et al., 2013); Trpl-KO eggs
failed to show any Sr2+ influx (Fig. 3.5A-B). We then examined the influx of an ion
such as Mn2+, whose influx is mediated by a broader range of channels and is routinely
used to test influx pathways in cells (Merritt et al., 1989). Remarkably, Trpl-KO eggs
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showed severally compromised Mn2+ influx (Fig. 3.5C-D). Altogether, the above
results confirm that the three PM channels targeted in this study, TRPV3, TRPM7, and
CaV3.2 are the major channels underlying divalent and Ca2+ influx in mouse eggs and
are likely to play a role in the divalent cation influx of other mammalian eggs.
Eggs from Trpl-KO females display highly abnormal induced Ca2+ oscillations
The precise role of the channels inactivated here on the initiation and persistence
of the sperm-induced [Ca2+]i oscillations is not yet fully known, although we
anticipated that their combined deletion may undermine the Ca2+ responses triggered
by sperm entry. To this end, we evaluated the ability of these eggs to mount [Ca2+]i
oscillations using a variety of methods that faithfully replicate the oscillations induced
by the sperm under in vivo conditions. We first injected PLC cRNA, and as expected
all injected WT eggs initiated the sustained oscillations (Fig. 3.6A). Nevertheless, this
was not the case for Trpl-KO eggs, that while displaying three different types of
responses, the majority (23/38) failed to show a rise (Fig. 3.6B-C). Moreover, only a
minority (15 of 38) demonstrated Ca2+ responses, which were largely abnormal (Fig.
3.6B, middle and right panels, respectively). An interesting note is that in those TrplKO eggs that displayed a first [Ca2+]i rise, this rise reach higher amplitude than in WT
eggs, although it was shorter in duration than WT eggs (P <0.05; Fig. 3.6D-E).
To circumvent the caveat of reduced translational ability of Trpl-KO eggs, we
performed IVF. We used two approaches. First, we used eggs in which the zona
pellucida have been removed (zona free), which is a method broadly used to ensure
rapid fertilization although it tend to produce high rates of polyspermy. Under these
conditions, WT eggs displayed lasting [Ca2+]i that continued for 3 hr (Fig. 3.7A).
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Interestingly, all the monitored Trpl-KO eggs showed a first [Ca2+]i rise, although only
a few eggs showed a second rise within 60 min 1 h (Fig. 3.7B-C). Similarly to the
previous results, we observed that the amplitude of the 1st [Ca2+]i rise showed higher
amplitude and shorter duration in Trpl-KO eggs than in WT eggs (Fig. 3.7D-E).
Further, time to first Ca2+ rise, was similar between WT and KO eggs (Fig. 3.7F). The
second IVF approach was to partially dissect the zona pellucida (enhanced IVF). In
this case, a hole(s) is drilled on the ZP, which facilitates sperm gaining access to the
perivitelline space and interaction with the eggs’ membrane but reduces the chance of
polyspermy as the majority of the ZP remains intact. The results were similar to those
of zona-free IVF, although it was clear that ~50% of the eggs showed only a single
[Ca2+]i rise, and the rest of the eggs showed only 1 or 2 additional rises (Fig. 3.8A-B)
that had greatly reduced amplitude (Fig. 3.8C-D), suggesting that the influx and
replenishment of the stores is greatly compromised. Again, time to fertilization was
not different between WT and Trpl-KO eggs (Fig. 3.8E). Therefore, expression of
these three channels is essential to support the Ca2+ influx required for the long-lasting
oscillations induced by fertilization and necessary for egg activation.
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DISCUSSION
Here we have examined the role of three divalent cation channels on fertility and
Ca2+ influx in the mouse. We have found that females lacking these three channels are
severely infertile and few of their zygotes progress throughout the stages of preimplantation development despite that the fertilizing male is WT. In addition, these
embryos showed delayed progression to blastocyst stage. Consistent with an abnormal
fertilization-Ca2+ signal, we observed that the fertilization induced [Ca2+]i oscillations
following IVF or injection of PLC cRNA were abnormal with most eggs capable of
mounting a single [Ca2+]i rise but unable to promote [Ca2+]i oscillations. Trpl-KO eggs
showed reduced internal Ca2+ stores, and the general divalent cation influx as
evaluated by Mn2+ influx was negligible. Altogether, these data reveal that the three
channels targeted in our study, TRPV3, TRPM7 and CaV3.2, cooperate to promote the
influx of Ca2+ and other divalent cations require to initiate [Ca2+]i oscillations, induce
egg activation and sustain embryo development.
Reduced fertility in Trpl-KO females
Thus far, the functional of expression of three divalent cation channels has
been confirmed in mouse oocytes and eggs (Bernhardt et al., 2015; Carvacho et al.,
2016; Carvacho et al., 2013). The search to know the molecular identity of these
channels started more than 40 years, and it was stimulated by the realization of the
importance of Ca2+ changes in egg activation. Most recently, the importance of the
influx of other divalent cations for embryo development was also realized (Kong et
al., 2015). Remarkably, progress in this area has just occurred over the last 10 years,
when the combination of electrophysiologic and genetic tool allowed identification
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but also evaluation of the function of the identified channels without the need to rely
on pharmacological methods. It is interesting that elimination of all single channels
expressed in mouse eggs does not cause obvious effects on fertility, and only minor
modifications on the [Ca2+]i responses. However, the deletion of a combination of any
of these two channels causes more clear effects on [Ca2+]i responses, although these
females have only mildly altered fertility (Bernhardt et al., 2018; Bernhardt et al.,
2015; Carvacho et al., 2013), which is consistent with recent results using the
PLCzeta1 KO males that despite eliciting an underwhelming [Ca2+]i signal they still
manage to produce offspring (Hachem et al., 2017). In the present study, our results
show that the elimination of three channels severely curtails [Ca2+]i responses, and
causes severe infertility that is manifested by mating that do not results in births,
reduced offspring per litter, and premature termination of the fertile lifespan of
females. While it is unclear still the precise role of each channel, it is clear that their
combine presence is necessary for normal fertility in this species.
We observed that preimplantation embryo development is compromised in
embryos from Trpl-KO females. We also noted that the inability to progress occurs at
multiple stages. For example, a fair number of eggs collected after mating are unable
to form PNs. Whereas one possibility is that these eggs are not fertilized, this is
unlikely since most of these eggs had multiple sperm in the perivitelline space. A most
logical interpretation is that these eggs were unable either to exit the MII stage or were
unable to induce chromatin decondensation or assembly of the PNs. Future studies
will address if one or all of these possibilities explain our results. Another
manifestation of the pre-implantation defects is that a large number of embryos fails
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to progress to the subsequent stage, thus few two-cells reach the four-cell stage, and
so on. Again, we presently do know the reasons behind these defects and in future
studies will address them. Nevertheless, the recent findings demonstrating the
importance of reprogramming gene expression during zygotic gene activation (ZGA),
which begins at S-phase of one-cell stage (Abe et al., 2018). Minor ZGA is shown to
be critical for maternal-to-zygotic transition and preimplantation development while
major ZGA supports development beyond the two-cell stage. Inhibition of minor ZGA
resulted in developmental arrest at two-cell stage (Abe et al., 2018).
The higher efficiency of successful embryo development that is being observed
in natural mating compared to IVF, clearly indicate that the in vivo environment
provides more support for embryo development. Differences in metabolic,
morphology and ultrastructure between in vitro- and in vivo-derived blastocysts, as
well as reduction in rate of cell divisions in cultured blastocysts support these findings
(Harlow and Quinn, 1982; Thompson, 1997).
[Ca2+]ER, [Ca2+]i oscillations and the fertilizing Ca2+ signal
The fertilization [Ca2+]i signal in mammals is stereotypical, and it is a great
model to instigate how the [Ca2+]i signal is initiated and maintained, how the internal
stores are regulated to induce Ca2+ release, and which and how the PM channels
mediate Ca2+ influx necessary to sustain the oscillations. Our results here provide
conclusive evidence that these three channels are required to initiate oscillations. This
conclusion is drawn from our extensive studies showing that the majority of eggs can
only initiate a single [Ca2+]i rise. Moreover, whereas the amplitude of this rise is not
compromised, the duration, which is an indication of influx, is reduced by more than
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half. Furthermore, in the few eggs that additional rises were observed, the rises showed
greatly reduced amplitude further suggesting abnormal refilling. Therefore, our results
provide significant insights into the identity of the mediators of the influx, although
our data do not provide information into other key aspects of Ca2+ influx during
fertilization such as what is the role of each channel, and what is the mechanism(s)
that stimulates Ca2+ influx post-fertilization. It is well known that Ca2+ influx is
suppressed in MII eggs, and a significant remaining question is how this is
accomplished.
Our results also show that the internal Ca2+ stores are severely compromised and
are only a fraction of the content observed in WT eggs. These results are extended by
the finding that Mn2+ influx, whose influx has not been attributed to any specific
channel, is nearly absence in Trpl-KO eggs. Nevertheless, it remains puzzling that
despite this near absence of Ca2+ influx there is still some Ca2+ in the stores and that
the 1st rise is observed in nearly all fertilized eggs. The question then that arises where
is this remaining Ca2+ coming from? Is it present in GV oocytes and is transported in
the oocytes via gap junctions in the thought granulosa cells? Is it mediated by an
exchanger such as the Na/Ca2+ exchanger that is expressed in mouse eggs? Lastly, is
there another channel(s) that have not yet been detected? These possibilities will be
addressed in future studies, as elucidation of the components of the toolkit responsible
for Ca2+ influx in mammalian eggs is important to address cases of infertility, to
promote developmental competence of in vitro produced gametes, and possibly in the
development of non-hormonal methods of contraception.
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FIGURES

3.1. Absence of three PM channels currents in Trpl-KO eggs.
Whole-cell patch clamp recordings of CaV3.2, TRPM7 and TRPV3 channels in wild
type (n=6) and Trpl-KO (n=5) MII eggs. (A-B) Representative current recording of
CaV3.2 channel obtained by applying step protocol from −100 mV to +50 mV in wild
type and Triple-KO eggs, respectively. (C-D) Whole-cell patch clamp recording of
TRPM7 current in response to a ramp protocol from +100 to −100 mV and in the
absence (black trace) and presence (red trace) of 80 M Naltriben in wild type and
Triple-KO eggs, respectively. (E-F) Whole-cell recordings of TRPV3 in response to
a voltage ramp from −100 to +100 mV in the absence (black trace) and presence (red
trace) of 100 μM 2-APB in wild type and Triple-KO eggs, respectively.
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3.2. Fertility is significantly impaired in Trpl-KO females.
Breeding trial was performed for duration of 6 months with wild type males (n=11
females tested for each group). (A) Significant reduction in average number of
parturitions per female in Trpl-KO compare to wild type (t-Test, P*<95%). (B)
Substantial increase in average intervals between parturitions per female in Triple-KO
(t-Test, P*<95%). (C) Major decline in total number of pups per female in Triple-KOs
(t-Test, P*<95%). (D) Time to first parturition.
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3.3. Developmental arrest of preimplantation stage embryos in Trpl-KO zygotes.
In vitro embryo development of 1-cell stage (Day 0.5 post conception) embryos
following natural mating and IVF with wild type males were observed. (A) Photos of
stages that embryos were observed. Natural mating derived (B) preimplantation stage
embryo development from WT (n=5) and Triple-KO females (n=3) (Triple-KO (a)
include zygotes from 2 females; Triple-KO (b) include zygotes from 1 female), (C)
percentages of embryos that reached blastocyst by day 3.5 post conception and (D)
percentages of embryos that developed to blastocyst following further culture (day 4.5
post conception). IVF derived (E) preimplantation stage embryo development from
WT (n=4) and Triple-KO (n=3) females, (F) percentages of embryos that reached
blastocyst by day 3.5 post insemination. Experiments were performed in triplicate.
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3.4. Severe reduction of [Ca2+]ER store and total store content in Trpl-KO MII
eggs.
ER Ca2+ and total store content was measured in nominal Ca2+-free TL-Hepes in MII
eggs. Representative plots of TG-induced Ca2+ release in (A) wild-type eggs and (Bleft panel) Trpl-KO eggs with no response and (B-right panel) Trpl-KO eggs showing
reduced Ca2+ release. (C) max amplitude and area under the curve of TG-induced Ca2+
release (t-Test, P*<95%). Representative plots of total store content measured by IOinduced Ca2+ release in (D) wild-type eggs and (E) Trpl-KO eggs. (F) Max amplitude
and area under the curve of IO-induced Ca2+ release (t-Test, P*<95%). Experiments
repeated 4 times (n=8 wild type and n=6 Trpl-KO females).
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3.5. Divalent cation influx is significantly abolished in Trpl-KO eggs.
Influx of multiple divalent cation was tested in MII eggs. Sr2+ induced oscillations in
(A) wild type eggs and (B) Trpl-KO eggs (experiments were performed in nominal
Ca2+-free TL-Hepes containing 10 mM Sr2+). Mn2+ influx assessed by fluorescence
quenching at Δ360 in (C) wild type eggs and (D) Trpl-KO eggs (experiments were
performed in TL-Hepes containing 2 mM Ca2+). Experiments repeated 2 times (n=4
wild type and n=2 Trpl-KO females).
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3.6. Trpl-KO eggs showed abnormal Ca2+ oscillations following PLC cRNA
injection.
Ca2+ imaging was performed in TL-Hepes media containing basal Ca2+ level (2 mM).
Representative plots of fertilization induced Ca2+ oscillations in (A) WT eggs and (B)
Triple-KO eggs showing no response (left panel), showed 1-2 rises (middle panel) and
eggs that showed three rises (right panel). (C) Significant reduction in number of eggs
that responded to PLC (Contingency test, P*< 95%). (D) Max amplitude of 1st
transient Ca2+ rise (t-Test, P*<95%). (E) Duration of 1st transient Ca2+ rise (t-Test,
P*<95%). Experiments repeated 4 times (n=6 wild type and n=4 Triple-KO females).
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3.7. Impaired Ca2+ oscillations following zona free IVF in Trpl-KO eggs.
Ca2+ imaging was performed in BSA-free TYH and insemination occurred 5 minutes
after initiation of imaging. Representative plots of fertilization induced Ca2+
oscillations in (A) WT eggs and (B) Triple-KO eggs showing a single rise (left panel),
showed 2 rises (right panel). (C) Significant reduction in number of eggs that showed
a second transient Ca2+ rise (Contingency test, P*< 95%). (D) Max amplitude of 1st
transient Ca2+ rise (t-Test, P*<95%). (E) Duration of 1st transient Ca2+ rise (t-Test,
P*<95%). (F) Time (minutes) from insemination to appearance of 1st Ca2+ rise.
Experiments repeated 4 times (n=8 wild type and n=4 Triple-KO females).
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3.8. Impaired Ca2+ oscillations following enhanced IVF in Trpl-KO eggs.
Ca2+ imaging was performed in TYH medium containing 2 mg/mL BSA and
insemination occurred 2 minutes after initiation of imaging. Representative plots of
fertilization induced Ca2+ oscillations in (A) WT eggs and (B) Trpl-KO eggs showing
a single rise (left panel), showed 2 rises (right panel). (C) Max amplitude of 1st
transient Ca2+ rise (t-Test, P*<95%). (D) Duration of 1st transient Ca2+ rise (t-Test,
P*<95%). (E) Time (minutes) from insemination to appearance of 1st Ca2+ rise.
Experiments repeated 2 times (n=3 wild type and n=2 Trpl-KO females).
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CHAPTER 4
FRET-BASED SENSOR FOR CAMKII ACTIVITY (FRESCA): A
USEFUL TOOL FOR ASSESSING CAMKII ACTIVITY IN
RESPONSE TO CA2+ OSCILLATIONS IN LIVE CELLS
ABSTRACT
Ca2+ oscillations and consequent Ca2+/calmodulin-dependent protein kinase II
(CaMKII) activation are required for embryogenesis, as well as neuronal,
immunological, and cardiac signaling. Fertilization directly results in Ca2+ oscillations,
but the resultant pattern of CaMKII activity remains largely unclear. To address this
gap, we first employed the one existing biosensor for CaMKII activation. This sensor,
Camui, comprises CaMKII_ and therefore solely reports on the activation of this
CaMKII variant. Additionally, to detect the activity of all endogenous CaMKII
variants simultaneously, we constructed a substrate-based sensor for CaMKII activity,
FRESCA (FRET-based sensor for CaMKII activity). To examine the differential
responses of the Camui and FRESCA sensors, we used several approaches to stimulate
Ca2+ release in mouse eggs, including addition of phospholipase C cRNA, which
mimics natural fertilization. We found that the Camui response is delayed or
terminates earlier than the FRESCA response. FRESCA enables assessment of
endogenous CaMKII activity in real-time by both fertilization and artificial reagents,
such as Sr2+, which also leads to CaMKII activation. FRESCA’s broad utility will be
important for optimizing artificial CaMKII activation for clinical use to manage
infertility. Moreover, FRESCA provides a new view on CaMKII activity, and its
application in additional biological systems may reveal new signaling paradigms in
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eggs, as well as in neurons, cardiomyocytes, immune cells, and other CaMKIIexpressing cells.
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INTRODUCTION
Calcium is a crucial ubiquitous second messenger in the cell. All electrically
coupled cells, such as neurons and cardiomyocytes, and even cells that are not, such
as lymphocytes and oocytes/eggs, communicate or are induced to differentiate
following intracellular Ca2+ changes caused by Ca2+ release and/or Ca2+ influx through
channels whose combined output can result in a single Ca2+ rise or in more complex
responses such as oscillations (Cuthbertson et al., 1981; Eisner et al., 2017; Rutecki,
1992; Swann and Lai, 2013). Absence of Ca2+ signals lead to severe defects in cell
functionality, such as memory deficits in the case of neurons (Herring and Nicoll,
2016), or in the case of eggs, failure of fertilization and initiation of embryo
development (Escoffier et al., 2016; Yoon et al., 2008).
In oocytes, and other cell types, Ca2+-calmodulin dependent protein kinase II
(CaMKII) is responsible for reacting to Ca2+ increases and transducing this signal to
downstream molecules. Indeed, it has been shown that neuronal CaMKII has a
threshold frequency for activation (Chao et al., 2011; De Koninck and Schulman,
1998). CaMKII has a unique oligomeric structure among the protein kinase family
(Fig. 4.1A). Each subunit of CaMKII is comprised of a kinase domain, a regulatory
segment, a variable linker region, and a hub domain (Fig. 4.1B). The hub domain is
responsible for oligomerization, which organizes it into two stacked hexameric (or
heptameric) rings to form a dodecameric (or tetradecameric) holoenzyme
(Bhattacharyya et al., 2016; Chao et al., 2011; Rosenberg et al., 2006). In the absence
of Ca2+, the regulatory segment binds to and blocks the substrate-binding pocket. Ca2+calmodulin (Ca2+/CaM) turns CaMKII on by competitively binding the regulatory
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segment and exposing the substrate-binding pocket (Fig. 4.1C). Unlike other
Ca2+/CaM-sensitive kinases, CaMKII acquires activity that is Ca2+ independent
(autonomy) with sustained stimulation by autophosphorylation at Thr 286 (we will use
CaMKII

numbering throughout the manuscript) (Fig. 4.1C) (Lai et al., 1986; Miller

and Kennedy, 1986). In other words, as long as Thr 286 is phosphorylated, CaMKII
will retain activity, even in the absence of Ca2+. It is this property, combined with its
oligomeric organization, which provides the sensitivity of CaMKII to specific
frequencies of Ca2+ rises.
CaMKII is essential for oocyte activation and initiation of embryo
development (Fig. 4.1D). All vertebrate oocytes are arrested at the time of fertilization
at the metaphase (M) stage of meiosis II (MII); henceforth referred to as eggs. This
arrest is underpinned by a complex regulation of the activity of the maturationpromoting factor (MPF), which is maintained high during the arrest (Suzuki et al.,
2011; Wu and Kornbluth, 2008). MPF inactivation is required to complete meiosis and
initiate the mitotic cycles of early embryogenesis. A prolonged Ca2+ signal, in the form
of multiple oscillations – is initiated by the sperm and is responsible for inducing the
release of the meiotic arrest at fertilization in all mammals, as preventing their
generation results in failure of MII exit (Miyazaki et al., 1992). Importantly, Ducibella
et. al showed that these Ca2+ oscillations are not redundant, rather, several Ca2+ rises
are required for the early signaling events essential for embryogenesis (Ducibella et
al., 2002). Indeed, it has been hypothesized that these early Ca2+ signals also play a
role in long term signaling in the developing embryo (Ducibella et al., 2002; Ozil et
al., 2005).
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It was first shown in Xenopus eggs that the Ca2+ rise induced by the sperm
resulted in CaMKII activation, which is required for the initiation of embryogenesis
(Lorca et al., 1993). In mammals, this was demonstrated using genetic models where
CaMKII was knocked-out and/or downregulated, which resulted in sterile females
despite the ability of their eggs to initiate normal Ca2+ oscillations. These studies
confirmed the requirement of CaMKII for the initiation of mammalian embryo
development (Chang et al., 2009; Miao et al., 2012). Despite these findings, the
complete profile of CaMKII activity during fertilization in mammals is not known.
Using in vitro kinase assays and egg lysates, an elegant series of papers showed that
these early Ca2+ rises induced CaMKII activity corresponding with discrete Ca2+ rises
during the first hour post-fertilization (Ducibella et al., 2002; Ducibella et al., 2006;
Markoulaki et al., 2004; Ozil et al., 2005). Nevertheless, Ca2+ rises associated with
fertilization in mammalian species occur every ~20 min and last longer than 3 hours,
and the changes in CaMKII activity associated with all oscillations have not been
determined.
In mammalian eggs, the Ca2+ oscillations induced by fertilization that activate
CaMKII and promote egg activation occur with characteristic amplitude and frequency
(Deguchi et al., 2000; Fissore et al., 1992). Interestingly, it has been shown that
CaMKII has a threshold frequency for activation (Chao et al., 2011; De Koninck and
Schulman, 1998). There are four human CaMKII genes; CaMKIIα and β are
predominantly found in the brain, CaMKIIδ is found in the heart and CaMKIIγ is
found in multiple organ systems, including the reproductive organs. The kinase and
hub domains of all four genes are highly conserved (~95% and 80% identity,

107

respectively), however, the linker connecting the kinase and hub domains is highly
variable in length and composition (see Fig. 4.1B). Details elucidating the importance
of the variable linker region remain to be uncovered, but there are several splice
variants of each of the four genes, which mostly vary in the linker region. It has been
shown that CaMKII activity is tuned by the length of the variable linker (Chao et al.,
2011). Specifically, as the variable linker is lengthened, less Ca2+ is needed for
activation (i.e., activation of CaMKII is easier). Mouse eggs express equimolar
concentrations of the two versions of CaMKII (3 and J, Fig. 4.1E) (Hatch and
Capco, 2001). The underlying regulation and contributions of these isoforms in
mammalian eggs has not been investigated.
To date, CaMKII activity has only been assessed based on a few Ca2+ rises
using in vitro kinase assays and during only the first hour of oscillations, which is
considerably shorter than the time scale for normal oscillations in the mouse.
Therefore, there is a need to monitor CaMKII activity in live cells and for an extended
time, which is what we address here.
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MATERIALS AND METHODS
Plasmid design
In order to accommodate the requirements for FHA2 binding (Durocher et al.,
2000),

syntide-2

was

modified

from

PLARTLSVAGLPGKK

to

PLARALTVAGLPGKK to create syntide-FRESCA. Syntide-FRESCA was generated
by

annealing

GATCCGGCGGCGCCGGCGGCGGCccgctggcgcgcgccctgaccgtggcgggcctgccgggca
aaaaaGGC

and

GGCCGCCttttttgcccggcaggcccgccacggtcagggcgcgcgccagcggGCCGCCGCCGGCG
CCGCCG (IDT), which produced BamHI site at the 5’ end and a NotI site on the 3’
end. This product was phosphorylated (Ambion Pnk), purified (Thermo Fisher) and
then ligated using T4 DNA ligase (Invitrogen) into a plasmid dencoding the Aurora
kinase FRET sensor (kind gift from Thomas Maresca). The final FRESCA sensor
(with syntide-2 in place of the Aurora substrate) was cloned into pCDNA3.1. The
unphosphorylatable

FRESCA

contains

a

scrambled

version

of

syntide

(RKVAAPKGAGLLLPA). We generated the scrambled sequence using an online
tool: Mimitopes (http://www.mimotopes.com/). This was cloned using the same
technique as was used for cloning syntide-FRESCA.
Enzyme assays
Coupled-kinase assays were performed as previously described (Chao et al.,
2010). Purified peptides (syntide-2 and syntide-FRESCA) were purchased from
Lifetein (New Jersey). Purified PKC was purchased from Promega (Cat. V5261).
CaMKII was expressed in Rosetta 2(DE3)pLysS competent cells (Millipore) and
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purified as previously described (Stratton et al., 2013). Fluorescence of NADH (ex.
340 nm/em. 460 nm) was monitored over time for 10 minutes using a Synergy H1
microplate reader (Biotek). For the experiments with syntide-2, the final enzyme
concentration (both CaMKII and PKC) was 2.67 nM. For the experiments with
syntide-FRESCA, the final enzyme concentration was 10 nM. CaMKII activity was
measured with the addition of 1 M Ca2+/CaM (activated) or an equivalent volume of
buffer (control). Total CaMKII activity was corrected by subtracting the background
rate without Ca2+/CaM. PKC activity was measured with 1 mM Ca2+ and 140 µM / 3.8
µM phosphatidylserine/diacylglycerol membranes (activated) or an equivalent volume
of buffer (the protocol from Dr. Alexandra Newton’s lab website was closely
followed). The lipid mixture was prepared as follows: chloroform solubilized lipids
(Avanti) were mixed together at the appropriate ratio, dried under N2, speed-vacuumed
for 1.5 hr, and resuspended in 20 mM Hepes pH 7.4 to make a 10X solution. The
mixture was vortexed and sonicated in a water bath for 30s to fully resuspend. Rates
were calculated as follows: first, the change in fluorescence over the time course was
fit with a straight line (y = mx + c) to obtain a slope (m) proportional to the kinetic
rate of the reaction. For each reaction, slopes were fit to a sliding window of 5 points
(50 seconds) and the maximum observed slope was used to represent the kinetic rate.
Total PKC activity was corrected by subtracting the background rate of all kinase
assay components except for PKC to account for the contribution from lipid scattering.
This rate was roughly equivalent to the background rate of PKC without addition of
Ca2+/lipid, but we only performed one subtraction. Total CaMKII activity was
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corrected by subtracting the background rate of all assay components except for
Ca2+/CaM.
HEK 293T Cell culture
All HEK293T cell cultures (kind gift from Dr. Daniel Hebert’s lab) were
grown in Dulbecco’s Modified Eagle’s Medium (Sigma) supplemented with 10% fetal
bovine serum (Sigma) and maintained at 37°C and 5% carbon dioxide levels. The
identity of these cells was authenticated by ATCC using short tandem repeat analysis
(CRL-3216 ATC 293T, Lot #63226319). These cells tested negative for mycoplasma.
Cells were transfected using Lipofectamine® 2000 Reagent (Invitrogen) and 150 ng
of DNA constructs.
Collection of mouse eggs
Metaphase II (MII) eggs were collected from the oviducts of 6- to 10-weekold CD-1 female mice 12–14 h after administration of 5 IU of human chorionic
gonadotropin (hCG), which was administered 46–48h after the injection of 5 IU of
pregnant mare serum gonadotropin (PMSG; Sigma; Saint Louis, MO). Cumulus cells
were removed with 0.1% bovine testes hyaluronidase (Sigma). MII eggs were placed
in KSOM with amino acids (Millipore Sigma) under mineral oil at 37°C in a
humidified atmosphere of 5% CO2 until the time of monitoring. All animal procedures
were performed according to research animal protocols approved by the University of
Massachusetts Institutional Animal Care and Use Committee.
Preparation of cRNAs and Microinjections
The sequences encoding Camui and FRESCA were subcloned into a pcDNA6
vector (pcDNA6/Myc-His B; Invitrogen, Carlsbad, CA) between the XhoI and PmeI
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restriction sites. Mouse PLC (PLCzeta) was a kind gift from Dr. K. Fukami (Tokyo
University of Pharmacy and Life Science, Japan) and subcloned into a PCS2+ vector,
as previously described by us (Kurokawa et al., 2007). CKAR was ordered from
Addgene (Plasmid #14860). Plasmids were linearized with a restriction enzyme
downstream of the insert to be transcribed and cDNAs were in vitro transcribed using
the T7 or SP6 mMESSAGE mMACHINE Kit (Ambion, Austin, TX) according to the
promoter present in the construct. A Poly (A)-tail was added to the mRNAs using a
Tailing Kit (Ambion) and poly(A)-tailed RNAs were eluted with RNAase-free water
and stored in aliquots at -80 °C. Microinjections were performed as described
previously (Lee et al., 2016). cRNAs were centrifuged, and the top 1–2 l was used to
prepare micro drops from which glass micropipettes were loaded by aspiration. cRNA
(1 g/L) were delivered into eggs by pneumatic pressure (PLI-100 picoinjector,
Harvard Apparatus, Cambridge, MA). Each egg received 5–10 pl, which is
approximately 1–3% of the total volume of the egg. Injected MII eggs were allowed
for translation up to 4h in KSOM. Group of eggs were injected with mouse PLC
cRNA after 4h of FRET construct injection.
FRET and Calcium imaging
To estimate relative changes in the cytoplasmic activity of Camui, FRESCA
and/or CKAR, emission ratio imaging of the YFP/CFP was performed using a CFP
excitation filter, dichroic beam splitter, CFP and YFP emission filters (Chroma
technology, Rockingham, VT; ET436/20X, 89007bs, ET480/40m and ET535/30m).
To measure Camui and/or FRESCA activity and [Ca2+]i simultaneously, eggs that had
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been injected with Camui and/or FRESCA cRNAs were loaded ~ 4 hours postinjection with 1 μM Rhod-2AM supplemented with 0.02% pluronic acid for 20
minutes at RT. Eggs were then immobilized on glass-bottom dishes (MatTek Corp.,
Ashland, MA) by putting them in protein-free media (which causes the eggs to stick
to the glass), and finally placed on the stage of an inverted microscope. CFP, YFP and
Rhod-2 intensities were collected every 20 second by a cooled Photometrics SenSys
CCD camera (Roper Scientific, Tucson, AZ). The rotation of excitation and emission
filter wheels was controlled using the MAC5000 filter wheel/shutter control box
(Ludl) and NIS-elements software (Nikon). Imaging was performed on an inverted
epifluorescence microscope (Nikon Eclipse TE 300, Analis Ghent, Belgium) using a
20x objective. For studies where ionomycin was used to induce Ca2+ responses, eggs
were transferred into a 360 μl Ca2+-free TL-Hepes drop on a glass bottom dish, after
which and following a brief monitoring period to determine baseline [Ca2+]i values,
different concentrations of ionomycin were added and Ca2+ responses monitored. For
Sr2+ studies, eggs were transferred into a nominally Ca2+- free TL-Hepes, containing
10 mM Sr2+. In cases where [Ca2+]i oscillations were induced by injection of PLC
cRNA, eggs were placed in TL-Hepes media containing 2 mM Ca2+ within 20 minutes
of the injection of PLC cRNA which occurred 4 hours post-injection of the FRET
constructs (Camui or FRESCA).
Pharmacological tests in mouse eggs
Mouse eggs were transferred to Ca2+ free TL-Hepes containing desired
concentrations of pharmacological compounds 5 min prior to Ca2+ imaging. FRET
(YFP/CFP) was monitored simultaneously with Ca2+ (rhodamine signal). First, we

113

determined how much inhibitor could be added without affecting Ca2+ entry.
Concentrations of inhibitors were chosen based on this information as well as what
was used in previous studies (see text for references). All media was Ca2+ free. The
following concentrations and number of replicates were used: ionomycin/FRESCA
(0.5 M, n=18), ionomycin/CKAR (0.5 M, n=20), ionomycin/GO6983/FRESCA
(0.5 M/5 M, n=14), ionomycin/GO6983/CKAR (0.5 M/5 M, n=15),
PMA/CKAR (1 M, n=16), PMA/FRESCA (1 M, n=13), Sr2+/GO6983/FRESCA
(10 mM/5 M, n=9), Sr2+/GO6983/CKAR (10 mM/5 M, n=7), AS105 (5 M, n=19),
AS461 (5 M, n=14). AS105 (kind gift from Allosteros Therapeutics, Inc.) has not
been used in mouse eggs, so we adjusted the concentration to a level where the Ca2+
release was not affected. Eggs with the first 4 compounds added were stimulated with
0.5 M ionomycin, while the eggs with AS compounds were stimulated with 2.5 M
ionomycin. Side by side controls were performed under the same conditions (0.5 M
vs. 2.5 M ionomycin).
Confocal imaging
Confocal images were acquired using a Nikon Apo 1.4 NA 60X oil immersion
objective on a Nikon A1R confocal TiE microscope stand equipped with a LU-NV
laser launch system and DU4 detector system housed in the IALS Nikon Center of
Excellence microscopy facility a UMass Amherst. The Galvano scanner was used and
the pinhole size was set to 17.88 m. CFP was excited with the 445 nm laser at 9.2%,
540/30 emission filter, and PMT set to 75. YFP was excited with the 514 nm laser at
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5.6%, 585/65 emission filter, and PMT set to 58. Z-stacks images were collected at
1024 x 1024 in 12 bits and the step size was 1.00 m.
Data processing & statistical analyses
Graphs reporting FRET changes and Ca2+ responses were prepared using the
values of the YFP (436x535)/CFP (436x480) ratios on the left axis. No correction was
applied here; just the raw ratios are plotted. Rhod-2 values were calculated using the
following formula (F)/F0 (actual value at x time/average baseline values for the first 2
minutes of monitoring) and the scale placed on the right axis. Values from three or
more replicates were performed on different batches of eggs with at least 5 eggs per
condition per replicate. These are presented as means ± s.e.m and were analyzed by
ANOVA, except for the case of KN93 where we just compared this to the control
using a Student’s t-test. Differences were considered significant at P <0.05.
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RESULTS
Measuring CaMKII activity in real-time in mouse eggs
Herein, we show CaMKII activity monitored in real time following the
induction of Ca2+ responses using several agonists that are capable of initiating
embryogenesis. To examine the real-time changes, we expressed the Camui reporter
(see Fig. 4.2A) in mouse eggs. Camui is a Förster resonance energy transfer (FRET)based biosensor for CaMKII activity, which exploits the conformational change that
CaMKII undergoes when it binds to Ca2+/CaM (Takao et al., 2005) (Fig. 4.2A). Camui
is currently the only biosensor for CaMKII activity. Camui expression was robust
about ~30 min after cRNA injection, and monitoring was performed 3 hours post
injection to attain reasonably stable Camui levels. We first examined the distribution
of Camui using confocal microscopy and observed widespread cytoplasmic expression
(Fig. 4.2B).
Camui monitoring of ionomycin-induced Ca2+ rises
Given the immediate and large Ca2+ rise caused by the addition of ionomycin,
we first tested Camui responses in eggs using this ionophore. We analyzed the effect
of 3 concentrations of ionomycin: 0.5 M, 2.5 M and 5 M. Upon addition of
ionomycin to eggs expressing Camui, we observed a decrease in ratiometric FRET
(YFP/CFP), indicating CaMKII activity (Fig. 4.2C-E). As FRET decreased, we
observed a corresponding increase in CFP fluorescence and decrease in YFP
fluorescence (Fig. S4.3B).
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It is clear that CaMKII activity increases (red line) coincident with the increase
in Ca2+ (black line) in all conditions. The Ca2+ and Camui responses increased dosedependently and approximately synchronously, as the large increase in the amount of
Ca2+ release caused by increasing ionomycin from 0.5 M to 2.5 M, results in a 1.9fold increase in CaMKII activity (mean amplitude of FRET change) (Fig. 4.2F).
Further increasing ionomycin from 2.5 M to 5 M produces nearly no change in total
Ca2+ release, although it is very likely that the reporting range of Rhod-2 is saturated
at these levels of intracellular Ca2+. The CaMKII activity also appears to remain
constant, although this may also represent saturation of the FRET signal (Fig. 4.2F).
Notably, addition of 5 M ionomycin results in a faster and prolonged duration of
activity compared to lower concentrations (Fig. 4.2G), but it is unclear whether this
reflects the extended activation of the enzyme or cellular stress.
Camui monitoring of Sr2+ induced Ca2+ oscillations
We next examined the Camui response to Sr2+-induced oscillations (Fig. 4.3).
Addition of 10 mM Sr2+ to the extracellular media in place of external Ca2+ is a
common method of parthenogenetic activation in mouse eggs. Also, 10 mM Sr2+
induces highly consistent oscillations in these cells (Fig. 4.3, black lines); these
oscillations initiate all events of egg activation (Bosmikich and Whittingham, 1995;
Carvacho et al., 2013; Kline and Kline, 1992). The TRPV3 channel has recently been
identified as the channel responsible for Sr2+ influx in mouse eggs (Carvacho et al.,
2013). These oscillations, as reported by Rhod-2 in the following experiments, are
most likely to represent a combination of both Ca2+ and Sr2+ release, with a
progressively greater release of Sr2+ as these measurements were performed in the
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absence of extracellular Ca2+. Camui reported FRET changes following the initiation
of oscillations by Sr2+ (Fig. 4.3, red lines). Remarkably, the FRET changes were
delayed, despite the presence of robust changes in intracellular Ca2+/Sr2+ levels.
Roughly 82% of eggs (14/17) did not report significant CaMKII activity until the ~4th
Ca2+/Sr2+ rise, where some initial activity is seen at the 3rd rise (Fig. 4.3B, arrow and
inset). In a few eggs (2/10), we observed longer delays, until the 5th rise (Fig. S4.1).
Another distinctive feature of the Camui response caused by Sr2+ oscillations
is that although the initial Camui responses were delayed, once they commenced, they
displayed an integrated activation with each subsequent pulse during the first few
pulses. We analyzed the mean amplitude for the first three observable FRET changes.
From the first to the second FRET change, there was a 1.6-fold increase in CaMKII
activity. From the second to the third FRET change, there was a negligible change,
and these changes occurred while the amplitude of the Ca2+ peaks progressively
decreased and/or remained unchanged (Fig. 4.3C-E). These data indicate that CaMKII
activity, once stimulated by Ca2+/Sr2+ rises, is cooperative in response to the initial
rises until saturation is achieved, which is around the 3rd FRET response. This result
is consistent with previous data showing that CaMKII activity is highly cooperative in
vitro (Chao et al., 2010; Chao et al., 2011). As depicted in Figure 4.3A, a potential
explanation for this is phosphorylation at Thr286, which may persist even in the
absence of elevated Ca2+. It has been clearly shown that CaMKII with Thr286
phosphorylated has a significantly higher affinity for Ca2+/CaM (Meyer et al., 1992).
This would also explain why individual FRET responses outlasts individual Ca2+ rises
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and do not return to baseline simultaneously (Fig. 4.3B, Fig. S4.1, blue horizontal
lines).
Considerations for endogenous CaMKII in eggs
To date, Camui has been a useful tool to study and understand CaMKII activity
in various cell types and under various conditions. Despite the many insights gained
by the widespread use of Camui, it is an over-expressed protein reporter construct and
it does not necessarily faithfully report the activation state of endogenous CaMKII in
any cell. Camui had not been used to monitor CaMKII activity in mouse eggs until
this study. Because the Camui sensor is constructed of a CaMKII variant itself, it will
report on this particular variant, in this case is CaMKIIα with a 30-residue linker
region, which is not expressed in mammalian eggs (see Fig. 4.1E). Given that it has
been demonstrated that CaMKII activity is tuned by the length of the variable linker
(Bayer et al., 2002; Chao et al., 2011), specifically, as the variable linker is lengthened,
less Ca2+ is needed for activation, we hypothesized that Camui may not be reporting
faithfully on the endogenous CaMKII in eggs. This assumption is based on the
knowledge that mouse eggs express, as mentioned, equimolar concentrations of the
two versions of CaMKII (3 and J), which have 69 and 90 residue variable linkers,
respectively (Fig. 4.1E) (Suzuki et al., 2010), considerably longer than the 30-residue
linker of CaMKIIα. We suspected this might be the case because of the lack of FRET
changes following the initial large changes in Rhod-2 fluorescence induced by Sr2+
oscillations. This possible limitation of the Camui reporter led us to seek additional
methods to detect these physiological changes. One option is to re-engineer Camui
with the appropriate CaMKII isoform to be studied, however this becomes
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cumbersome since there are multiple isoforms expressed in a single cell type. To
circumvent this problem, we report here the development of a novel biosensor that
detects endogenous CaMKII activity in mouse eggs.
Development of a novel biosensor for endogenous CaMKII activity
We developed a novel substrate-based sensor for CaMKII activity, FRESCA
(FRET based Sensor for CaMKII Activity, Fig. 4.4A) and monitored CaMKII activity
using FRESCA in real-time. We adapted the FRESCA design from an original design
for a protein kinase C (PKC) biosensor (CKAR) from Newton and colleagues (Violin
et al., 2003), which has also been adapted to make an Aurora kinase biosensor (Liu et
al., 2009). The premise for this design is to engineer in a conformational change upon
phosphorylation of the substrate. Cleverly, this was done by fusing the kinase substrate
to a phosphate binding protein (FHA2) (Violin et al., 2003). FHA2 will bind to this
phosphorylated Thr residue and produce a decrease in FRET between the terminal
CFP/YFP pair (which in this case is Turquoise and Venus, termed CFP/YFP
throughout for simplicity). We cloned in a CaMKII-specific substrate (syntide-2)
(Hashimoto and Soderling, 1987), with a few modifications to provide a better
substrate for FHA2 (see Methods section for sequence details). We refer to this peptide
as syntide-FRESCA throughout for clarity.
Measuring the FRESCA response in HEK293T cells
We first tested FRESCA in HEK293T cells, which express negligible levels of
CaMKII. We transfected HEK293T cells with either (i) CaMKII, calmodulin and
FRESCA, or (ii) calmodulin and FRESCA. Ionomycin was added to the HEK293T
cells to induce Ca2+ release and simultaneously monitored FRET (YFP/CFP). We
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observed that with CaMKII transfected, the addition of ionomycin causes a reduction
in FRET, indicating that CaMKII is active and phosphorylating FRESCA (Fig. S4.2,
red lines). Importantly, we did not observe a FRET change when CaMKII was not cotransfected, demonstrating that FRESCA is selective for the transfected CaMKII and
is not being phosphorylated by any intrinsic HEK cell kinases under these conditions
(Fig. S4.2, blue lines).
FRESCA monitoring of ionomycin-induced Ca2+ release in mouse eggs
We expressed FRESCA in mouse eggs to measure endogenous CaMKIIγ
activity. FRESCA expression in MII eggs resulted in uniform distribution throughout
the cytoplasm (Fig. 4.4B). Upon addition of ionomycin to eggs expressing FRESCA,
we observed a FRET decrease indicating CaMKII activity (Fig. 4.4C-E). The
amplitude change is 10-fold less than what is observed for Camui (0.016 for FRESCA
compared to 0.16 for Camui), however, this measurable signal change is sufficient for
us to monitor endogenous CaMKIIγ activity in comparison to the CaMKIIα of Camui.
It is worth noting that the shape of the FRESCA trace is slightly different from that of
Camui for the same stimulus. At the lowest ionomycin concentration (0.5 M),
CaMKII activity appears to perfectly track the Ca2+ rise (Fig. 4.4C). Conversely, at
higher ionomycin concentrations, CaMKII activity is unstable during the duration of
the Ca2+ rise, although higher concentrations appear to prolong and increase the FRET
response of FRESCA (Fig. 4.4F). The time to FRET peak was faster with addition of
higher ionomycin concentrations (Fig. 4.4G).
To demonstrate that the changes in FRESCA fluorescence reflect FRET, we
plotted the traces of CFP and YFP fluorescence after the addition of ionomycin
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independently. As expected, the values changed simultaneously but in opposite
directions (Fig. S4.3A). We also expressed YFP cRNA alone and monitored
fluorescence changes following stimulation with Sr2+ oscillations. Consistent with the
evidence that the changes in FRESCA are the result of FRET, the oscillations did not
induce changes in YFP fluorescence corresponding with each Ca2+/Sr2+ elevation
(Fig.S4.4).
Specificity of FRESCA in mouse eggs
We sought to show that FRESCA is reporting specifically on CaMKII in eggs
as opposed to other CaM kinases or Ca2+ sensitive kinases. A previous study using
real-time PCR revealed that transcript levels of CaMKIV were ~1% compared to those
of CaMKII, the predominant isoform in mouse eggs (Medvedev et al., 2014).
Additionally, even when overexpressed, CaMKIV was insufficient to lead to egg
activation. In this same study, CaMKI levels were undetectable, and CaMKK seems
to also be absent in mouse eggs. There has also been a comprehensive MS study of
total proteins expressed in GV oocytes and MII eggs (Wang et al., 2010). Similar to
the mRNA sequencing, they detected no CaMKI and very low levels of CaMKIV.
There is also no evidence for CaMKK or PKA detected in MII eggs in this study,
which is indicative of low expression levels in these cells. Finally, it has not been
shown that Akt or PKA undergo immediate activation following increases in
intracellular Ca2+ rises.
We therefore focused our efforts on CaMKII and PKC, which is also a Ca2+
sensitive kinase in eggs (Medvedev et al., 2014; Wang et al., 2010). To this end, we
compared the rates of phosphorylation of FRESCA-syntide and syntide-2 by CaMKII
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and PKC in vitro (Fig. S5). Consistent with existing data (Hashimoto and Soderling,
1987), we observed that CaMKII phosphorylates syntide-2 at a 3-fold higher rate
compared to PKC at high substrate concentration (0.3 mM). We next tested our new
syntide variant, FRESCA-syntide. Importantly, we observe a large increase in
specificity with CaMKII phosphorylating FRESCA-syntide at a 44-fold higher rate
compared to PKC.
We next performed a series of experiments testing CaMKII and PKC
inhibitors, and a PKC activator. CaMKII inhibitors should eliminate the FRET
response if CaMKII is the only kinase phosphorylating FRESCA in eggs. We show
that the addition AS105, a CaMKII specific ATP competitive inhibitor, significantly
reduced FRET, while its inactive analog (AS461) did not affect FRET (Fig. 4.5A)
(Neef et al., 2018). It is important to note that we also tested a common CaMKII
inhibitor, KN93, which significantly reduced the amount of Ca2+ released upon
addition of ionomycin (Brooks and Tavalin, 2011) (data not shown). In addition to the
recent study that showed KN93 binds Ca2+/CaM (Wong et al., 2019), we chose to not
pursue this inhibitor further.
We next tested the PKC inhibitor GO6983 (Gou et al., 2018), which did not
affect the FRESCA signal, indicating that PKC is not phosphorylating FRESCA,
which is consistent with our in vitro kinetic data (Fig. 4.5B, Fig. S4.5). Eggs do not
express conventional PKC isoforms, which is why we chose to use the broad-spectrum
PKC inhibitor (GO6983). To ensure that PKC in our system is responding these
agents, we measured the PKC response directly using the CKAR biosensor for PKC
activity (Violin et al., 2003). The phorbol ester, PMA, has been shown to activate PKC
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in the absence of a Ca2+ stimulus (Halet, 2004), which we also observed (Fig. 4.5C
and E). The CaMKII inhibitor AS105 does not affect the CKAR response to PMA at
all (Fig. 4.5C), but GO6983 completely abolishes the CKAR response (Fig. 4.5D).
Compared side-by-side, PMA strongly and persistently activates CKAR but not
FRESCA (Fig. 4.5E). We note a transient rise in Ca2+ upon PMA addition, during
which we also see a corresponding transient FRET response in both CKAR and
FRESCA. The FRESCA FRET response immediately returns to baseline, whereas the
CKAR FRET change continues to decrease, indicating persistent activation. There is
previous evidence showing changes in Ca2+ upon addition of phorbol ester
compounds, to which this is attributed (Cuthbertson and Cobbold, 1985).
Finally, we closely compared the response dynamics of Camui, FRESCA and
CKAR in response to ionomycin addition (Fig. S4.6). It is clear that both Camui and
FRESCA show the same response pattern, where the FRET response essentially
mirrors the Ca2+ rise. When this is directly compared to CKAR, it is clear that CKAR
has a delayed response, and maximal activity is not coincident with maximum Ca2+.
This observation is in line with previous studies using CKAR to monitor PKC activity
in eggs (Gonzalez-Garcia et al., 2013). Taken all together, we show that FRESCA is
specifically reporting on endogenous CaMKII activity in the egg.
FRESCA monitoring of Sr2+-induced Ca2+ oscillations
Next, we examined the response of endogenous CaMKII to Sr2+-induced
oscillations (Fig. 4.6). We observed endogenous CaMKIIγ activity (monitored by
FRESCA) almost simultaneously with the initiation of oscillations. Indeed, over 70%
of eggs (8/11) showed CaMKII activity with the first Ca2+ rise. The other 3 eggs
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responded at the second Ca2+ rise. Importantly, CaMKII activity is prolonged over
time, as FRESCA continues to track each Ca2+ rise for >2 hours (Fig. 4.6A, B). In
contrast, only 18% of the eggs (3/17) expressing Camui showed activity during the
first Ca2+ rise.
We tested the effect of the PKC inhibitor GO6983 on both FRESCA and
CKAR in response to Sr2+-induced oscillations. In this experiment, we initiated
oscillations by adding Sr2+ to the media of eggs expressing either FRESCA or CKAR,
and then added GO6983 after ~90 minutes (Fig. S4.7). After GO6983 addition, the
FRESCA response continues unabated in 100% of the eggs tested whereas the CKAR
response is attenuated in 60% of the eggs tested. This indicates that FRESCA is indeed
reporting CaMKII activity in response to Sr2+-induced oscillations.
We propose a molecular model to describe this data. Over the course of the
first few Ca2+/Sr2+ oscillations, the amplitude of the Rhod-2 signal is constant, whereas
the FRESCA response and the Rhod-2 AUC increases from the first to the second rise
(Fig. 4.6C-E). Further, once FRESCA signal peaks, it is sustained throughout the
remainder of the data collection. This may suggest autophosphorylation of CaMKII at
Thr 286, which facilitates activation at subsequent Ca2+ rises by increasing the affinity
for Ca2+/CaM (see cartoons in Fig. 4.6A) (Meyer et al., 1992). Additionally, a
prolonged time course of FRESCA response to Sr2+ indicates that FRESCA continues
to faithfully track endogenous CaMKII up to 6 hours (Fig. S4.8).
We generated a scrambled version of syntide and inserted this into the
FRESCA construct to generate an unphosphorylatable variant. We expressed this
sensor in eggs and added Sr2+ to initiate Ca2+ oscillations. The unphosphorylatable
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FRESCA did not respond to this stimulus, indicating that the signal change we observe
using FRESCA is specific to a phosphorylation event (Fig. 4.6F).
Measuring CaMKII activity under native fertilization conditions
In mammals, fertilization-associated Ca2+ oscillations are induced by the
release of sperm’s phospholipase C 1 (PLC) into the ooplasm (Saunders et al.,
2002). We tested the response of both FRESCA and Camui in response to the
expression of PLC.
Camui monitoring of PLC-induced Ca2+ oscillations
We assessed how Camui would report CaMKII activity induced by native Ca2+
oscillations and compared the response to those induced by Sr2+. To do this, eggs
expressing Camui were injected with PLC cRNA and Ca2+ and FRET responses were
monitored (Fig. 4.7A, B). We observed that Ca2+ oscillations nearly immediately
induced CaMKII activity as monitored by Camui (Fig. 4.7B, arrow and bottom inset).
However, this initial activity abruptly ceased and was not detected in subsequent rises.
Only the first and second (and to a less extent, third) Ca2+ rises induced Camui
responses despite the presence of robust and frequent Ca2+ oscillations (Fig. 4.7A).
75% of eggs (9/12) expressing Camui responded to the first or second Ca2+ rise.
Additionally, despite the fact that the amplitude of the first Ca2+ rises remains
relatively steady, the area under the curve showed a marked decrease after the second
Ca2+ rise in these experiments (see Fig. 4.7E and J). It is worth noting that the abundant
expression of Camui may be contributing significantly to the existing CaMKII in the
egg, and potentially altering Ca2+ dynamics. These results raised the possibility that
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Camui is not well suited to detect CaMKII activity initiated by sporadic and low
magnitude Ca2+ rises, which are characteristic of mammalian fertilization. Regardless,
it remains to be elucidated why Sr2+-induced oscillations are able to protractedly
promote robust and persistent Camui responses whereas the Camui response to PLCinduced oscillations fades rapidly.
FRESCA monitoring of PLC-induced Ca2+ oscillations
We injected PLC cRNA into FRESCA expressing eggs, and thereafter began
monitoring changes in FRESCA responses (Fig. 4.7F and G). The initiation of
oscillations stimulated the early activity of the endogenous CaMKIIγ, and this activity
was detected with each additional rise. 100% of eggs (17/17) expressing FRESCA
responded to the first or second Ca2+ rise. Similar to Sr2+ induced oscillations, we
observed a relative decrease in the amplitude of the Ca2+ rises over time, yet the
FRESCA response was largely maintained (Fig. 4.7G). These observations are the
longest evaluation of CaMKII activity reported following fertilization-like
oscillations, as previous studies only reported up to 60 min post-initiation of
oscillations (Markoulaki et al., 2004; Ozil et al., 2005). These results also suggest that
all Ca2+ rises induced by fertilization trigger activation of CaMKII (Fig. 4.7H-J).
We tested the unphosphorylatable FRESCA variant in eggs injected with PLC
cRNA. The unphosphorylatable FRESCA did not respond to this stimulus, indicating
that the signal change we observe using FRESCA is specific to a phosphorylation
event (Fig. 4.7K).
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Finally, we compared the response of CKAR and FRESCA to PLC cRNA
induced oscillations. Side-by-side comparisons reveal a delayed FRET changes for
CKAR compared with FRESCA (Fig. S4.9). These results are consistent with our
observations following the addition of ionomycin (Fig. S4.6).
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DISCUSSION
It has been appreciated for decades that both Ca2+ oscillations and CaMKII
activation in mouse eggs are crucial to fertilization and initiation of embryo
development. Here, we provide an analysis of CaMKII activation in real-time in eggs
using FRET-based CaMKII biosensors. Importantly, our new biosensor, FRESCA,
allowed us to monitor endogenous CaMKII (CaMKII3 and J) activation in real-time
as a consequence of different activation stimuli (ionomycin, Sr2+, and PLC). The
FRESCA response was noticeably different from Camui, which reports on the
conformational change in the one CaMKII variant expressed in the sensor (in this
paper and others, this variant is CaMKII). An additional advantage of FRESCA is
that it does not alter the intracellular kinase concentrations, as already noted. When
different Ca2+ oscillation patterns are induced, we observed subsequent differences in
CaMKII activity in both sensors. From our data, it is clear that the (i) agent of Ca 2+
oscillations as well as the (ii) specific CaMKII isoform responding, both play a role in
CaMKII activation.
The pivotal role of CaMKII activation in causing release of the meiotic arrest
and activation of the embryonic developmental program in vertebrates was recently
and more specifically evidenced by careful MS experiments (Presler et al., 2017). This
study showed that soon after fertilization, and temporally coinciding with the Ca2+
wave, there is a strong increase in protein phosphorylation that far outweighs the
biochemical changes caused by protein degradation that accompanies fertilization.
Remarkably, the study also found that 25% of the phosphorylated sites matched the
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minimal phosphorylation motif of CaMKII. It is therefore important to determine how
Ca2+ rises turn on CaMKII activity, and what parameter(s) of individual rises within
an oscillatory pattern are necessary for periodic and consistent stimulation of its
activity. We propose that the magnitude of the initial activation of CaMKII depends
on the magnitude of the Ca2+ stimulus and on internal regulation of CaMKII. Knowing
the minimal Ca2+ signal that increases the activity of CaMKII is important as we seek
to develop more physiological methods of parthenogenetic activation to treat some
cases of infertility.
Our data suggest that the endogenous CaMKIIγ in eggs is potentially more
sensitive to Ca2+/CaM than CaMKIIα. This finding is in line with previous data
showing that longer linker CaMKII splice variants (CaMKIIγ3 and CaMKIIγJ) are
activated at lower concentrations of Ca2+/CaM than shorter linker variants (CaMKIIα)
(see Fig. 4.1E) (Chao et al., 2011). Additionally, the delayed response seen in the
Camui expressing eggs in response to Sr2+ stimulation could also be a result of
endogenous CaMKII being activated first (lower EC50 for Ca2+/CaM) thereby
competing with Camui for the available activating ligand.
Our study also represents the first characterization of the activation of CaMKII
by a common parthenogenetic agonist in the mouse, such as Sr2+. Although the
FRESCA responses caused by Sr2+ and expression of PLC were similar in timing and
persistence, the responses caused by these agonists following the expression of Camui
were very different. Sr2+ oscillations induced delayed activation of Camui but once it
was activated, each Ca2+/Sr2+ elevation resulted in successive Camui stimulation.
Conversely, PLC-induced oscillations resulted in early activation of Camui followed
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by a rapid run down, such that after the second or third Ca2+ rise, and despite consistent
Ca2+ oscillations, FRET changes in Camui were never again stimulated. These
discrepancies likely have to do with the amplitude and/or duration of the Ca2+ rises
induced by these two agonists. Learning the parameters of individual Ca2+ rises that
are translated into endogenous CaMKII activity will be invaluable as we aim to design
better parthenogenetic methods for application in IVF clinics.
Our results clearly show that the FRET changes reported by FRESCA
significantly differ from that of CKAR, which reports on PKC activity. In addition to
the effects of kinase specific inhibitors and activators, there is a striking difference in
the timing of response dynamics to all agonists examined here. This is consistent with
previous reports showing CKAR responses in mouse eggs (Gonzalez-Garcia et al.,
2013). It is not currently understood why CKAR oscillates persistently with Ca2+
release, as the reported predominant PKC isoform present in eggs is not directly
activated by Ca2+, and the Ca2+-induced changes in DAG are expected to be minor
(Gangeswaran and Jones, 1997; Matsu-Ura et al., 2019).
Addition of up to 10 M ionomycin is a widely applied practice in IVF labs.
Here, we showed that even a lower concentration range (0.5 – 5 M ionomycin) results
in substantially different activity profiles of CaMKII activation. With regard to the
Camui experiments, in these FRET measurements we are observing direct activation
of Camui (as opposed to endogenous CaMKII) in these FRET measurements. It is
clear that the extent of Camui activation is dependent on the amount of Camui present
and the magnitude of the stimulus, as there is a significant increase in the amplitude
of FRET change from 0.5 to 2.5 M ionomycin. The FRESCA response (reporting on
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endogenous protein) at higher concentrations of ionomycin was more complex as it
appears not to change significantly, which might reflect saturation of endogenous
CaMKII or a negative feedback loop, as demonstrated by the transient nature of the
maximal peak in FRESCA fluorescence change. These results indicate an unexpected
effect on CaMKII activity even by increasing the ionomycin by 5-fold (2.5 M), which
will be crucial to elucidate further for clinical application.
More broadly, now that we have demonstrated the utility of FRESCA in mouse
eggs, this opens the door to measuring endogenous CaMKII activity in other cell types,
such as neurons and cardiomyocytes. Here, we thoroughly addressed the specificity of
FRESCA in eggs, but this would need to be done in other cell types as well. CaMKII
activation has been heavily studied in vitro (Chao et al., 2010; Chao et al., 2011;
Rosenberg et al., 2005), and it is intriguing to also consider the potential effects of
subunit exchange in cellular conditions (Bhattacharyya et al., 2016; Stratton et al.,
2013). It will be necessary to increase the signal to noise ratio of the FRESCA sensor
in order to achieve a more robust signal for accurate quantification of kinetics and
amplitudes. This should be possible by adjusting the length and/or rigidity of the linker
regions in the sensor. Once this is accomplished, we believe that FRESCA will provide
new insights into CaMKII activity in cells and allow us to further unravel the
complexity of this unique protein kinase.
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FIGURES

4.1. CaMKII: an essential enzyme.
(A) CaMKII is an oligomeric complex turned on by Ca2+/CaM binding, which
facilitates autophosphorylation at Thr 286. (B) Each CaMKII subunit is comprised of
a kinase domain, regulatory segment which houses the Ca2+/CaM binding domain, a
variable linker region, and a hub domain. Herein, we use the numbering for CaMKII.
(C) The regulatory segment of CaMKII maintains its off state in the absence of
calcium by blocking its substrate-binding pocket. Ca2+/CaM competes with the
regulatory segment, thereby activating the kinase and allowing for Thr286
phosphorylation, which yields autonomous activity. Even when the calcium stimulus
diminishes, CaMKII stays on as long as Thr 286 is phosphorylated. (D) In mammalian
eggs, addition of PLC𝜁 or Sr2+ leads to stimulation of calcium oscillations and CaMKII
activation. CaMKII is expected to be “off” in the absence of Ca2+ and turn “on” after
Ca2+ levels rise. (E) Linear sequences of the two CaMKII isoforms reported in eggs
(CaMKII 3 and J) and Camui (CaMKII). Color codes are the same as in panel B,
the CaM footprint has been removed for clarity.
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4.2. Simultaneously monitoring Ca2+ influx and CaMKII activity using Camui.
(A) Camui is an existing biosensor for CaMKII activity, which exploits the
conformational change of CaMKII binding to Ca2+/CaM to report on activity using
FRET. (B) Camui expression in mouse MII eggs shows a widespread cytoplasmic
distribution. B Changes in Ca2+ are monitored using Rhod-2 (black) and CaMKII
activity is monitored using Camui (red). Multiple traces are shown after 0.5 M (C),
2.5 M (D), or 5 M (E) ionomycin is added. One representative trace is shown to the
right of each plot. (F, G) Quantification of Camui response to ionomycin addition. (F)
FRET amplitude indicates the overall change in FRET during the duration of the
Ca2+ signal. (G) Time to FRET peak indicates how long it takes Camui to reach
maximum FRET signal after addition of ionomycin and increase in Ca2+. Statistics
are reported in the adjacent tables, differences were considered significant at P <0.05
(*) using One-way ANOVA. Number of eggs/replicates for each condition is as
follows, 0.5 M ionomycin: 16/4, 2.5 M ionomycin: 21/5, 5 M ionomycin: 10/3.

135

4.3. Camui activity tracks Ca2+ oscillations in mouse eggs in a delayed manner.
(A) Ca2+/Sr2+ oscillations are induced by addition of 10 mM Sr2+. Ca2+ is monitored
by Rhod-2 (black line) and CaMKII activity is tracked by Camui (red line). CaMKII
cartoons indicate hypothesized molecular details during the Ca2+ pulses. (B) One
representative trace from Sr2+ oscillations is shown. Blue lines indicate baseline
CaMKII activity after each rise. Arrow indicates first significant FRET response. (C,
D, E) Three Ca2+ rises were quantified. The “1st rise” is that which induced the first
FRET response, and then the subsequent 2 rises were measured. The FRET
amplitude (C), rhodamine amplitude (D) and rhodamine area under the curve (E) are
shown. Statistics are reported in the adjacent tables. 15 eggs over 3 replicates were
used to generate the statistics.
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4.4. Monitoring endogenous CaMKII activity using FRESCA.
(A) A cartoon of a substrate-based CaMKII biosensor is shown: FRET Sensor for
CaMKII Activity (FRESCA). Active CaMKII phosphorylates its substrate (syntide),
which then acts as a substrate for FHA2 (phosphate binding domain). This induces a
conformational change in the sensor as a consequence of CaMKII activity. (B)
Confocal image of FRESCA expression in a mouse MII egg. (C, D, E) Changes in
Ca2+ are monitored using Rhod-2 (black) and CaMKII activity is monitored using
FRESCA (red). Multiple traces are shown after 0.5 M (C), 2.5 M (D), or 5 M (E)
ionomycin is added. One representative trace is shown to the right of each plot. F, G)
Quantification of FRESCA response to ionomycin addition. FRET amplitude (F)
indicates the overall change in FRET during the duration of the Ca2+ signal. Time to
FRET peak (G) indicates how long it takes FRESCA to reach maximum FRET signal
after addition of ionomycin and increase in Ca2+. Statistics are reported in the adjacent
tables, differences were considered significant at P <0.05 (*) using One-way ANOVA.
Number of eggs/replicates for each condition is as follows, 0.5 M ionomycin: 13/4,
2.5 M ionomycin: 21/5, 5 M ionomycin: 8/3.
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4.5. FRESCA specificity in mouse eggs.
Various compounds were added to mouse eggs expressing FRESCA and CKAR. In
all, Ca2+ was monitored using Rhod-2 (hashed lines) and FRET was monitored by
YFP/CFP ratio (solid lines). Colors correspond to the labeled bar graph. The bar graph
below shows the quantification of the plots in A and B, where the values were
corrected by subtracting the fluorescence from non-injected controls. (A) CaMKII
inhibitor: AS105 (5 M) and inactive analog of this inhibitor: AS461 (5 M) were
added to mouse eggs and stimulated with 2.5 M ionomycin. (B) PKC inhibitor:
GO6983 (5 M) was added to mouse eggs expressing either FRESCA or CKAR and
stimulated with 0.5 M ionomycin. These were directly compared to FRESCA and
CKAR alone and a non-injected control with 0.5 M ionomycin. (C) A PKC specific
activator: PMA (1 M) was added to mouse eggs expressing CKAR, (D) with or
without the addition of the CaMKII inhibitor AS105 or GO6983. (E) PMA is added
to eggs expressing FRESCA or CKAR. FRET values were normalized to 1.0 for
comparison. Differences were considered significant at P <0.05 (*) using One-way
ANOVA for all. Number of eggs used in each condition is reported in the methods
section.
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4.6. Endogenous CaMKII activity tracks Ca2+ oscillations in mouse eggs.
(A) Ca2+ oscillations in eggs are induced by addition of Sr2+ to the extracellular media.
Ca2+ is monitored by Rhod-2 (black line) and endogenous CaMKII activity is tracked
by FRESCA (red line). B) One representative trace from Sr2+ oscillations is shown.
Inset focuses on the first Ca2+ rises. C, D, E) Three Ca2+ rises were quantified. The
“1st rise” is that which induced the first FRET response, and then the subsequent 2
rises were measured. The FRET amplitude (C), rhodamine amplitude (D) and
rhodamine area under the curve (E) are shown. Statistics are reported in the tables
below. 11 eggs over 2 replicates were used to generate the statistics. (F)
Unphosphorylatable FRESCA contains a scrambled version of syntide that is not
recognized by CaMKII. Multiple traces where Sr2+ was added are shown. A
representative trace from each is shown to the right.
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4.7. FRESCA, but not Camui, continues to report CaMKII activation by Ca2+
oscillations induced by PLC.
Ca2+ oscillations are induced by injection of PLC cRNA. CaMKII activity is
monitored using FRESCA or Camui (FRET, red lines) and Ca2+ is monitored using
Rhod-2 (black lines). (A) An overlay of 3 representative eggs using Camui as the
reporter of CaMKII activity. Cartoon depictions of hypothesized states of CaMKII
are shown below. Red circles indicate Thr286 phosphorylation. (B) One representative
trace from PLC-induced oscillations and Camui reporting is shown. Insets highlight
the first and last pulses. (C-E) Quantification of Rhod-2 and FRET signals for Camui
during PLC induced Ca2+ rises. Three Ca2+ rises were quantified. The “1st rise” is that
which induced the first FRET response, and then the subsequent 2 rises were
measured. The FRET amplitude (C), rhodamine amplitude (D) and rhodamine area
under the curve (E) are shown. Statistics are reported in the tables below. Differences
were considered significant at P <0.05 (*) using One-way ANOVA. 12 eggs over 3
replicates were used to generate the statistics. F) An overlay of 4 representative eggs
using FRESCA as the reporter of endogenous CaMKII activity activity. G) One
representative trace from PLC-induced oscillations and FRESCA reporting is shown.
Insets highlight the first and last pulses. (H-J) Quantification of Rhod-2 and FRET
signals for FRESCA during PLC induced Ca2+ rises, as in C-E. The FRET
amplitude (H), rhodamine amplitude (I) and rhodamine area under the curve (J) are
shown. Statistics are reported in the tables below. Differences were considered
significant at P <0.05 (*) using One-way ANOVA. 17 eggs over 3 replicates were used
to generate the statistics. (K) Unphosphorylatable FRESCA contains a scrambled
version of syntide that is not recognized by CaMKII. Multiple traces where PLC
cRNA was injected are shown. A representative trace from each is shown to the right.
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SUPPLEMENTARY DATA

Figure S4.1. Camui activity tracks Ca2+ oscillations in mouse eggs in a delayed
manner. Shown is another example of the same experiment as shown in Figure 3, here
we see a delayed response until the 4th - 5th Ca2+ rise. A) Ca2+ oscillations are induced
by addition of Sr2+. Ca2+ is monitored by Rhod-2 (black line) and CaMKII activity is
tracked by Camui (red line). CaMKII cartoons indicate hypothesized molecular details
during the Ca2+ pulses. B) One representative trace from Sr2+ oscillations is shown.
Blue lines indicate baseline CaMKII activity after each rise. Arrow indicates first
significant FRET response.

143

Figure S4.2. FRESCA response in HEK293T cells. FRESCA is transfected into
HEK293 cells with and without CaMKII. 2.5 M ionomycin is added (indicated by
arrow) to induce Ca2+ entry and FRET is monitored as YFP/CFP ratio. Without
CaMKII transfected, there is no FRET change visualized (blue lines).With CaMKII
transfected, there is a FRET change visualized around 21 min (red lines). Each line is
data collected from an individual cell.

Figure S4.3. Individual traces of YFP and CFP fluorescence. A) Changes in CFP
fluorescence (blue) and YFP fluorescence (red) are monitored after addition of 0.5 M
ionomycin to mouse eggs expressing FRESCA. B) As in A, except monitoring eggs
expression the Camui sensor.
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Figure S4.4. Monitoring YFP alone in mouse eggs. YFP mRNA was injected into
mouse eggs and Sr2+ was added to induce Ca2+ oscillations. A, B) We monitored
YFP/CFP upon excitation of CFP. A) Multiple traces are shown. B) For clarity, a
single trace and a zoom-in on two pulses is shown. C) YFP fluorescence plotted alone,
from the same experiment as in A.
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Syntide-FRESCA
Activated rate
(sec-1)
Background
rate (sec-1)
Subtracted
rate (sec-1)
Rate/[enzyme]
(sec-1nM-1)

Syntide-2

CaMKII

PKC

CaMKII

PKC

101.8 ±4.09

25.12 ±3.58

80.8 ±2.28

52.1 ±3.55

17.66 ±2.60

23.2 ±1.13

18.93 ±1.33

32.01 ±6.58

84.14

1.92

61.87

20.09

8.41

0.192

22.91

7.44

Figure S4.5. Characterization of FRESCA-syntide phosphorylation kinetics.
Phosphorylation kinetics of FRESCA-syntide and syntide-2 by CaMKII and PKC
were measured using a coupled-kinase assay. The same concentration of substrate was
used for both FRESCA-syntide and syntide-2 (300 M). In the experiments with
FRESCA-syntide and syntide-2, the final enzyme concentration was 10 nM and 2.7
nM, respectively. Phosphorylation of substrate/ATP consumption is coupled to
oxidation of NADH. The readout of this assay is the decrease in fluorescence of
NADH at 460 nm over time as it is oxidized. Plotted above are the average activated
rates (1/rate to plot product formation) for both enzymes with 2 different substrates,
corrected for enzyme concentration for better comparison. The rates are tabulated
below. An average rate was calculated from three separate trials, and the standard
deviation was calculated. The background rates were subtracted and finally corrected
for enzyme concentration.
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Figure S4.6. Comparing CaMKII and PKC response times to ionomycin.
Ionomycin (0.5 M) was added to mouse eggs expressing Camui (A), FRESCA (B),
or PKC (C). Ca2+ is monitored by Rhod-2 (black line), CaMKII activity is tracked by
Camui or FRESCA (red line), and PKC activity is tracked by CKAR (red line).
CFP/YFP is plotted for ease of comparison. Green hashed line indicates the start of
the Ca2+ rise.
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Figure S4.7. PKC inhibitor blocks CKAR response to Sr2+ induced oscillations
but not FRESCA. Oscillations are initiated by adding 10 mM Sr2+ to the media of
eggs expressing either FRESCA (A) or CKAR (B), and 5 M GO6983 is added after
roughly 90 minutes (indicated by blue arrow). Fluorescence increases due to the fact
that GO6983 itself is fluorescent. Ca2+ is monitored by Rhod-2 (black line), CaMKII
activity is monitored by FRESCA (red line, A), and PKC activity is monitored by
CKAR (red line, B). For ease of comparison, parts of the graph were expanded and the
traces were brought close together (green boxes). For FRESCA, n=9, and for CKAR,
n=7.
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Figure S4.8. Increased time course of FRESCA response to Sr2+. Sr2+ (10 mM) was
added to mouse eggs expressing FRESCA. Ca2+ is monitored by Rhod-2 (black line)
and endogenous CaMKII activity is tracked by FRESCA (red line) for 6 hours. The
progressive decreasing amplitude of the Rhod-2 AM fluorescence signal (especially
after 180 min) is an artifact due to compartmentalization of the dye due to prolonged
monitoring at >35 °C.
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Figure S4.9. Comparing CaMKII and PKC response dynamics to PLC𝜁-induced
oscillations. Ca2+ oscillations are induced by injection of PLC𝜁 cRNA and monitored
by Rhod-2 (black lines). Here, we zoom in on one Ca2+ rise at a time. A) CaMKII
activity is monitored by FRESCA (red lines) (n=8). B) PKC activity is monitored by
CKAR (red lines) (n=10). FRET ratio is plotted as CFP/YFP for direct comparison to
the Ca2+ rise. Green hashed line indicates the start of the Ca2+ rise.
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CHAPTER 5
CONCLUSIONS AND FUTURE DIRECTIONS
Changes in [Ca2+]i support a wide variety of cellular processes such as
fertilization, muscle contraction, secretion, cell division and apoptosis (Berridge et al.,
2000). These Ca2+ changes are transformed and interpreted into cellular functions via
the cascade of proteins present in cells. As many species, mammalian fertilization and
embryo development depends on [Ca2+]i changes, which are supported by Ca2+ influx
through PM channels that fill the endoplasmic reticulum (ER). However, the precise
role and contribution of these channels to divalent cation influx and impact on fertility
is not clear.
The first objective of this study was to elucidate the channel(s) that make
possible divalent cation influx and their role in filling the [Ca2+]ER content in mouse
GV oocytes. It is known that divalent cations gain access to the cytoplasm of these
cells and are important for maturation and developmental competence. However, how
their influx is mediated is unknown. We hypothesized that some of these channels will
show preference for one or more of these divalent cations. Following extensive studies
to identify the expression of divalent cations, we focused on the three, TRPV3,
TRPM7 and CaV3.2, two of which, TRPV3 and TRPM7, we first reported to be active
at the GV stage (Carvacho et al., 2016; Carvacho et al., 2013). We found that CaV3.2
and TRPM7 are responsible for the majority of Ca2+ and Mn2+ influx, whereas CaV3.2
permeate the majority of Sr2+, and TRPM7 permeate the majority of Ni2+; TRPV3
seems to permeate a minor portion of Sr2+ influx. These channels supply the [Ca2+]ER
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as well as total cellular Ca2+ content of GV oocytes, albeit CaV3.2 seems the most
essential. These results are of significance as influx of Ca2+ fills [Ca2+]ER content
during oocyte maturation, which is necessary to support fertilization induced Ca2+
oscillations and support protein synthesis during maturation (Jones et al., 1995). Future
studies should determine the mechanisms that regulate channel’s expression and
function, as well as the role of Ca2+ store content on developmental competence.
The second objective of the study was to identify the cation channels
supporting the fertilization induced [Ca2+]i oscillations in mice, and establish methods
to extend this knowledge to other species. Previous studies and our own results showed
that simultaneous deletion of two of the aforementioned channels, TRPV3-TRPM7 or
Cav3.2-TRPM7, although impacted the frequency and persistence of the fertilizationinitiated [Ca2+]i oscillations had minor impact on embryo development and fertility
(Bernhardt et al., 2018). Therefore, we proceed to generate females lacking in their
eggs the three previously discussed channels. We show that females whose eggs lack
TRPV3, TRPM7 and CaV3.2 (Trpl-KO), are severely infertile and on average have
less than 2 pups per litter and have fewer litters than WT females. In these eggs, the
fertilization induced [Ca2+]i oscillations are absent and most fertilized eggs show a
single [Ca2+]i rise with a significant reduction in the content of the internal Ca2+ stores
including [Ca2+]ER levels. Furthermore, preimplantation embryo development is
compromised in Trpl-KO females when the majority of embryos showing
developmental delay and/or arrest. These results confirm that functional expression of
these three PM channels is necessary to support the [Ca2+]i responses of fertilization
and embryo development. Nevertheless, despite the reduced Ca2+ store content and
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[Ca2+]i signaling, a few embryos still develop, and future studies should determine
what is the source of this influx. It is plausible that another, yet unknown channel is
expressed in oocytes and eggs, or that a Na+/Ca2+ exchanger (Carroll, 2000) mediates
minimum Ca2+ influx enough to support development. Besides clarifying these
questions, future studies should also determine the precise stage at which arrest occur,
whether the arrest can be overcome by exogenous parthenogenetic procedures and
examine the gene expression profiles of the embryos generated from Trpl-KO eggs.
The events of egg activation are mediated by a combination of direct effects of
Ca2+ on target proteins as well as by it stimulating downstream protein kinases, most
especially CaMKII. Subsequent studies have shown that a specific isoform expressed
in mammalian eggs, CaMKII, is the isoform required for egg activation in this species
(Backs et al., 2010). Nevertheless, we presently do not know the real time activation
of this kinase during fertilization. Hence, the final objective of this study was to
determine the pattern of endogenous CaMKII activity in live eggs. To accomplish this,
we used a previous existing FRET construct, Camui, as well as in collaboration with
the Stratton lab developed a new FRET substrate-based sensor that we named
FRESCA. Our results indicate that FRESCA is able to detect endogenous CaMKII
activity in real-time and throughout fertilization induced responses as well as
oscillations induced by Ionomycin and Sr2+. Nevertheless, the dynamic range of
fluorescent changes of this sensor needs to be improved. Further, we also do not
presently have evidence of the advantages of eggs expressing CaMKII over other
isoforms. Therefore, future studies should examine the regulation and activity of
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CaMKII, as well as characterizing the parameters of [Ca2+]i rises such as amplitude
and/or duration that stimulate CaMKII activity.
In conclusion, our studies provide important insights into the regulation of Ca2+
homeostasis in mouse oocytes and eggs, add knowledge to the extensive toolkit that
these cells use to mount [Ca2+]i responses, and for the first time link expression of PM
channels in oocytes and eggs to fertility. This knowledge will serve to investigate the
regulation of these channels and might be used in the practice to improve
developmental competence and overcome infertility.
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